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ABSTRACT
INVESTIGATION INTO THE APPLICATION OF OZONATION FOR REUSE OF
SECONDARY WASTEWATER EFFLUENT

By
Daniel Farley
University of New Hampshire
This research investigated the ability of ozone to degrade through oxidation a
selection of organic micropollutants in untreated and ion exchange pretreated secondary
wastewater effluent. Initially, a six-month sampling program was completed to
characterize the variability in the water quality of the Wervershoof wastewater treatment
plant’s secondary effluent used in this research. Bench scale experiments were completed
to determine the ozone uptake and demand in demineralized water, tap water, IX treated
secondary wastewater, and secondary wastewater effluent. Using data from the bench
scale experiments, low, medium and high ozone dosages were identified based upon
ozone residual for secondary wastewater and IX treated wastewater. Secondary
wastewater and IX pretreated wastewater matrices were spiked with six organic
micropollutants (OMPs), caffeine, carbamazepine, diclofenac, ibuprofen, iopromide, and
TCPP. Analysis of the initial and final concentrations of the spiked micropollutants
allowed for determination of the effect of each ozone dosage on the percent removal of
the six chosen organic micropollutants. Ozonation resulted in the near complete removal
of carbamazepine, caffeine, diclofenac and substantial reduction in ibuprofen, iopromide
and TCPP. Bromate formation that occurred during ozonation exceeded drinking water
standards, this formation increased with the applied ozone dosage. The greatest reduction

XI

in the spiked OMPs and the lowest formation of bromate occurred with the ion exchange
pretreated secondary wastewater matrix.
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Chapter 1
1. Introduction
The load of organic micropollutants discharged into receiving natural waters
poses a compelling risk for human and environmental health, due to the inability of
conventional wastewater and drinking water treatment processes to remove these
compounds. The thousands of organic micropollutants (OMPs) entering the wastewater
stream, coupled with the low concentrations encountered and their resistance to common
treatment methods, create the need for an advanced treatment approach.
Organic micropollutants encompass a large class of emerging contaminants of
increasing concern present in significant concentrations within natural water bodies used
for wastewater disposal and drinking water sources. OMPs include such compounds as,
endocrine disruptors, pesticides and pharmaceuticals that reach natural water bodies
through wastewater effluent, improper disposal and aquaculture (Caracciolo et al., 2015).
A major entry point for organic micropollutants into surface waters and the environment
comes from wastewater treatment plants (Coppens et al., 2015). While the products and
medicines these compounds originate from may provide health and economic benefits,
their incomplete or non-removal from wastewater effluent can cause adverse public and
environmental health impacts.
The persistence of OMPs for conventional treatment practices has resulted in
increased concern among regulators and the public in recent years due to potential human
health consequences. This concern is especially present in regards to recent efforts to
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implement advanced drinking water processes for water reuse applications. The lack of
removal of OMPs in traditional wastewater treatment creates the need for these advanced
treatment processes to remove OMPs from the wastewater stream. The Orange County
model, which employs microfiltration, reverse osmosis and UV based advanced
oxidation, best represents the current water reuse approach, An alternative approach to
this model is the potential use of ion exchange pretreatment followed by ozonation and
ceramic microfiltration. The feasibility and limits of applicability of this alternative
treatment approach to reduce the concentrations of several OMPs is the main point of
discussion of the research presented herein. Additionally, the potential for further
improvements of this treatment approach will be reviewed, including the examination of
further pretreatment or supplementary post treatment.

2

Chapter 2
2. Research Description
This chapter provides a description of the research questions and objectives answered in
this research thesis. Additionally, the specific intent and aim of this research is described
in order to provide greater context and application for the research findings.

2.1 Problem Statements
2.1.1 Degradation of Organic Micropollutants
The inability of conventional wastewater and drinking water treatment systems to
remove organic micropollutants raises a significant issue in the application of water reuse
technology. Organic micropollutants, if not removed, will increase in concentration
through water reuse, potentially increasing the risk of negative environmental and human
health impacts.
The challenge addressed in this research is to determine to what effect ozone
oxidation and advanced water treatment methods can degrade organic pollutants from a
secondary wastewater stream. This is addressed through conducting spiking experiments
with a selection of organic micropollutant compounds that have varying reactivities with
ozone gas. Degradation of an organic micropollutant is dependent on several factors in
both the type of treatment and in treatment conditions, such as ozone dose, contact time,
and process conditions. In addition to ozonation, select wastewater samples were
pretreated with suspended ion exchange resins to provide further treatment and removal
of compounds that result in ozone demand.
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Furthermore, the high reactivity of ozone and OH radicals in the ozone oxidation
process has the ability to produce undesirable products, such as bromate. In this research
pretreatment of the secondary wastewater effluent with ion exchange resins to reduce the
formation of bromate will be explored.

2.2 Research Objectives
The objective of this research is to determine the ability of ozonation, with and
without pretreatment with SIX to provide treatment of secondary wastewater effluent in a
water reuse scenario. The specific aim is to determine the ability of this treatment process
to remove or significantly degrade an array of micropollutants that are not degraded in
the conventional wastewater process. Without adequate treatment, micropollutants can
accumulate in the water stream in a wastewater reuse application; therefore reducing their
concentration can restrict their potential impact on human health and the environment.
The specific goals of this research project are:

1. Characterize the variability of the water quality of the secondary effluent of
the Wervershoof wastewater treatment plant through a six-month sampling
regime.
2. Perform bench scale experiments to characterize the ozone uptake from the
gas phase and ozone decay in the water phase in; demineralized water, tap
water, IX treated secondary wastewater, and secondary wastewater.
3. Assess the ability of ozonation to degrade through oxidation six spiked
organic micropollutants with various reactivity towards ozonation.
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4. Determine the effect of ozone oxidation on the spiked six OMPs at low,
medium and high ozone dosages based on ozone residual, for secondary
wastewater and IX treated wastewater.
5. Determine the bromate formation by the three ozone regimes for IX treated
and untreated waste water treatment plant effluent.
6. Compare the operating conditions and correlate the results of the IHE bench
scale experiments to that of the Wervershoof pilot system.

5

Chapter 3
3. Literature Review
3.1 Organic Micropollutants in Wastewater
3.1.1 Types of Organic Micropollutants
In recent years, the presence of organic micropollutants (OMPs) in wastewater
effluent and subsequent release into the environment has become an issue of worldwide
concern due to severe impacts on the environment and public health (Neamtu et al, 2014).
The broad category of OMPs includes emerging contaminants such as: pharmaceuticals,
endocrine disrupting compounds, pesticides, personal care products, surfactants, and
industrial chemicals. Organic micropollutants are typically measured in concentrations
ranging from ng/L to µg/L in treated wastewater effluent, and are released into water
sources such as rivers, lakes, groundwater and oceans (Neamtu et al, 2014; Zhou et al.,
2015). The low concentrations of OMPs found in receiving waters not only increase the
difficulty of detection and analysis, but also complicate treatment in wastewater treatment
plants (Luo et al., 2014).
A substantial amount of OMPs originates from the local usage or consumption of
consumer products and enter the natural environment through wastewater treatment plant
effluent. The pharmaceutical class of OMPs includes many over the counter and
prescribed medications that enter the wastewater stream through human use and
consumption (Jiang et al., 2013; Ashfaq et al., 2017; ter Laak et al, 2014). These OMPs
include but are not limited to; beta-blockers, antibiotics, X-ray contrast media and antiinflammatory drugs (Table 1). Pharmaceuticals are by design produced to be water
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soluble and not easily biodegradable, increasing their occurrence in wastewater and
receiving waters. The presence of these biologically active compounds in natural
receiving waters poses a serious threat to native flora and fauna due to the chronic
toxicity, spread of antibiotic resistant genes, and negative reproductive effects (Jiang et
al., 2013; Ashfaq et al., 2017).

Pharmaceutical
Compounds
Ibuprofen
Diclofenac
Naproxen
Paracetamol

Class of Pharmaceutical
Anti-inflammatory
Anti-inflammatory
Anti-inflammatory
Analgesic

Typical
Concentration Range
(ug/l)
700- 1673
250 - 840
215 - 465
12 - 64

Table 1: Example of pharmaceutical compounds found in wastewater effluent (Jiang et al., 2013;
Ashfaq et al., 2017; ter Laak et al, 2014)

Personal care products (PCPs) represent a subcategory of pharmaceutical compounds that
include many over the counter and prescription medications. These PCPs include a wide
variety of compounds with different uses, such as analgesics, sunscreen and lipid
regulators (Jiang et al., 2013). Much like other pharmaceuticals, PCPs enter the
wastewater stream through human consumption or use, and can persist in either initial or
biologically transformed state.
In addition to pharmaceuticals, another common class of OMPs detected in
wastewater are endocrine disrupting compounds. These compounds pose concern due to
their effect on the endocrine systems of immature aquatic species such as fish (Cuevas et
al., 2016; Basile et al., 2011). Endocrine disrupting compounds are a listed emerging
contaminant and can be found as either natural estrogenic hormones or synthetic organic
chemicals. Similar to pharmaceuticals and other OMPs, endocrine-disrupting compounds
are commonly detected in the µg/l – ng/l in wastewater and natural receiving waters
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around the world (Jiang et al., 2013; Samaras et al., 2013). These compounds are found in
a host of consumer products, some examples of these compounds are listed in Table 2.

Compounds
Triclosan
Bisphenol A
4-n-nonylphenol
Nonylphenol monoethoxylate

Use of EDC
Antibacterial
Plastics & Resins
Detergent
Phenolic EDC

Typical Concentration
Range (ug/l)
0.0484 - 1.1
0.044 - 0.15
0.009 - 0.18
0.114 - 1.84

Table 2: Example EDC compounds found in wastewater effluent (Stasinakis et al., 2008; Samaras
et al., 2011; Yu et al., 2012).

Organic micropollutants can be further categorized into the class of pesticides, in
addition to pharmaceuticals and endocrine disrupting compounds (Table 3). Pesticides
include all types of insecticides, fungicides and rodenticides that enter the wastewater
stream through surface runoff in agricultural and urban areas. Increasingly these
pesticides have entered the wastewater stream from non-agricultural sources, due to uses
in landscaping, commercial forestry, industrial vegetation control, and consumer use
(Köck-Schulmeyer et al., 2013; De la Cruz et al., 2012). Pesticides present a significant
threat to aquatic flora, such as algae, and aquatic organisms like fish due to their potential
toxicity.
Typical Concentration
Use of Pesticide
Range (ng/l)
Diuron
Herbicide
57 - 127
Mecoprop
Herbicide
17.3 - 34
Atrazine
Herbicide
9 - 124
Isoproturon
Herbicide
13.2 - 19
Table 3: Example pesticide compounds found in wastewater effluent (KöckSchulmeyer et al., 2013; De la Cruz et al., 2012)
Compounds
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The occurrence of PPCPs, like carbamazepine and acetaminophen, in receiving
waters can be seen to generally follow the same order of their annual production (Luo et
al., 2014). Other organic micropollutants such as pesticides, herbicides, solvents and
flame-retardants enter the wastewater stream through household or commercial grey
water sources, storm water, and agricultural runoff (Köck-Schulmeyer et al., 2013). The
flow of OMPs into receiving waters can be affected by climatic and seasonal conditions.
The usage of pesticides correlates with the cycles of pests throughout the growing season,
resulting in a predictable seasonal flux of various pesticides. Precipitation such as rainfall
can have a diluting effect on the concentrations of OMPs in wastewater, while in dry
weather conditions the concentrations can double (Luo et al, 2014).
Conventional wastewater treatment plants make up the majority of facilities that
are used in towns and cities across the globe. These conventional plants use mainly
physical and biological treatment processes designed to remove solids, particulates,
carbonaceous organic matter, organic pollutants, bacteria and pathogens. The removal of
OMPs in the treatment processes in conventional treatment plants through primary and
secondary treatment is typically insignificant (Luo et al., 2014). The addition of tertiary
treatment, including advanced treatment processes, can considerably decrease the
concentration of OMPs. Without tertiary treatment, the majority of OMPs are released
into natural receiving water sources such as lakes, rivers and groundwater. This release of
OMPs can prove an issue for the health of the aquatic environment and create issues for
drinking water treatment plants.
The various OMPs found in wastewater effluent have been connected to
significant environmental and human health issues as a result of their disposal in natural
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receiving waters. The presence of OMPs has been shown to result in short and long term
toxicity, endocrine disrupting effects and an increase in resistance to antibiotics by
microorganisms (Luo et al., 2014). The specific health risk associated with individual
OMPs requires additional research in order to determine the specific negative effects and
draft appropriate limits on wastewater effluent concentrations for problematic OMPs.

3.1.2 Organic Micropollutants Found in Wastewater and Effluent Regulations
A primary source of organic micropollutants entering the environment and natural
water sources occurs through the effluent of wastewater treatment plants (Coppens et al.,
2015). Conventional wastewater treatment plants are not designed for the removal of
organic micropollutants and monitoring for these pollutants is not common in the
majority of WWTPs (Luo et al., 2014). Due to these factors, significant quantities of
OMPs are capable of reaching receiving waters, threatening human and environmental
health as well as creating additional treatment issues for drinking water plants. There are
numerous classes of OMPs, depending on factors such as the use and chemical structure,
some examples of these OMPs can be seen in Table 4.
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OMP
Atenolol
Benzotriazole
Bezafibrate
Caffeine
Carbadenzim
Carbamazepine
Diazepam
Diclofenac
Diuron
Fenofribrate
Gemfibrozil
Hydrochlorthiazide
Ibupofen
Metoprolol
Naproxen
Oxazepam
Primidone
Propanolol
Sotalol
Sulfamethoxazole
Octylphenol Ethoxylate
BPA
PFOA
Polychlorinated
Biphenyl
Triclosan
Nonylphenol
Bucinal
Benzophenone-3

Class and Use
Pharmaceutical - Beta Blocker
Industrial - Corrosion Inhibitor
Pharmaceutical - Lipid Lowering Agent
Psychoactive - Stimulant
Pesticide - Fungicide
Pharmaceutical - Anticonvulsant
Pharmaceutical - Sedative
Pharmaceutical - Steroid
Pesticide- Algalcide and Herbicide
Pharmaceutical - Cholesterol Medication
Pharmaceutical - Cholesterol Medication
Pharmaceutical - Blood Pressure
Medication
Non-steroidal anti-inflammatory drug
Pharmaceutical - Beta Blocker
Non-steroidal anti-inflammatory drug
Pharmaceutical - Sedative
Pharmaceutical - Anticonvulsant
Pharmaceutical - Beta Blocker
Pharmaceutical - Anti-arrythmic agent
Pharmaceutical - Antibiotic
Surfactant - Detergent, Surface Cleaners
Plasticizer
Plasticizer
Herbicide - Dioxin
Personal Care Product - Anti-microbial
Surfactant - Detergent, Surface Cleaners
Personal Care Product - Fragrance
Personal Care Product - Sunscreen

Table 4: Common OMPs and their uses (Dodson et al., 2012; Casals et al., 2011; Luo et al., 2014;
Köck-Schulmeyer et al., 2013; De la Cruz et al., 2012)

OMPs are found worldwide in wastewater effluent and their receiving waters in
part due to their widespread use and lack of removal by conventional treatment plants.
Ijssel Lake in North Holland is no exception to this, with a range of various
micropollutants detected in the lake over time. Ijssel Lake is a primary source of drinking
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water for North Holland, and also the receiving water body for multiple wastewater
plants, including the Wervershoof treatment facility. Analysis of the influent wastewater
of the Wervershoof plant has shown significant concentrations of various OMPs such as
personal care products, pharmaceuticals, pesticides and endocrine disrupting compounds.
A major consideration in drafting legislation and regulations on wastewater
treatment plant effluent standards is the human and environmental health risk associated
with the specific contaminant, pollutant or water constituent. The acute and chronic
health effects and biological responses to organic micropollutants currently lacks the
cohesive and conclusive research needed to set specific regulatory limits on many OMPs
(Luo et al., 2014; Köck-Schulmeyer et al., 2013). This is especially evident for many
pharmaceutical compounds and personal care products. In order to provide effective
regulation for these OMPs, an exhaustive research effort must be made to accurately
identify the OMPs of concern for that specific area or community, the fate, environmental
and human toxicity and transformation of the compounds in question (Bui et al., 2016).
However, a select few nations and communities have taken the initiative to address the
human and environmental threat posed by this class of emerging contaminants through
enacted stricter effluent regulations. In contrast to typical regulated wastewater effluent
contaminants such as ammonia, BOD and nitrate, there are hundreds of potential OMPs
that may or may not be present in the wastewater.
European member states adopted the EU Water Framework Directive in 2000, a
major first step in addressing the environmental and human health impacts of organic
micropollutants (Bui et al., 2016). The aim of the directive is for the general protection
and improvement of surface and ground water throughout the EU (Bui et al., 2016). This
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directive specifically calls for; the protection of the water supply, water supply diversity,
minimization of environmental pollution, protection of vulnerable aquatic ecosystems,
the reduction of hazardous substances to water, and protect drinking water sources from
contamination. More recently, the European Parliament updated this directive with the
EU Directive 2013/39/EU to update the water framework policy to include up to 45
emerging OMPs such as herbicides and analgesics like atrazine and diclofenac (Rozas et
al., 2017;Bui et al., 2016).
Beyond larger initiatives such as the EU directives, several national directives
have been created to restrict the flow of OMPs into the environment. The first nation
recognized for their efforts to address these emerging contaminants was the European
nation of Switzerland. In 2011, the Swiss Parliament proposed to reduce the influx of
OMPs into natural receiving waters from wastewater effluent by 80% at 123 of 750
wastewater treatment plants (Bui et al., 2016). Contaminants selected for monitoring and
regulation of OMPs continues to be a challenge due to the lack of scientific data on the
health impacts, the inherent benefit of the use of many OMPs for human health, and the
absence of systemic monitoring of the inflows and outflows of OMP concentrations in
the human and natural environment (Rozas et al., 2017;Bui et al., 2016).
Water has been regulated within the Netherlands for centuries, mainly due to
flooding concerns, but also due to the influence of other surrounding countries on water
quality. The three main rivers located in the Netherlands, the Rhine, Meuse and Schelde,
originate outside of the country. These rivers bring pollutants in addition to the water
needed for agricultural, industrial and human use. During the 1960s and 1970s the
Netherlands began partnering with other countries to control point source pollution
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discharges with legislation like the Surface Waters Pollution Act of 1970. By the 1990s
the majority of Dutch households were connected to municipal wastewater treatment
plants and sewage treatment included removal of nitrogen and phosphorus. Every 5 years
since 1975 the Netherlands has created a national water plan dictating the water quality
objectives for the future. Additionally, as a EU member state, the Netherlands is bound
by to abide by the rules and regulations laid out by EU directives on water quality. The
most recent water plan drafted by the Netherlands is the national water plan for the period
of 2016 to 2021. This directive specifically mentions the goal of reducing new substances
such as medicines that affect the chemical water quality. The aim of this plan is to
improve the quality of water sources and their respective ecosystems, including plant and
animal life. The main pollutants of concern listed in the national plan are organic
pollutants, fertilizers, pesticides and medicines. The plan outlines a goal of 50%
reduction in instances of exceedance of the regulated concentrations of pesticides by
2018, and a 90% reduction by 2023. In relation to the presence of medicines, the water
plan takes a ‘chain orientated approach’, with the intention of reducing concentrations by
through a source-orientated approach. In addition to reducing concentrations at the
source, the desire for reduction at the ‘end of chain’ through wastewater treatment plants
is also described.
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3.2 Ozonation for the Degradation of Organic Micropollutants
3.2.1 General introduction on properties of ozone
The treatment process of ozonation utilizes an oxidant in the form of molecular
ozone (O3). Ozone is a highly effective oxidant that can be used for: disinfection
purposes, reduction of membrane foulants, and degradation of organic micro-pollutants.
Ozone interacts with compounds in two primary ways in an aqueous solution, by direct
reaction with molecular ozone and through an indirect reaction with radical species such
as hydroxyl radicals that form during the decomposition of ozone in water and the
reaction of molecular ozone with organics.
Ozone gas is generated from oxygen gas using a dielectric barrier discharge
(DBD) reactor inside the generator unit. The DBD unit is comprised of two alumina
plates separated by a small empty discharge space. A high voltage electric current is
applied to the plates and travels through the discharge space between the plates, creating
an electron field. When a flow of oxygen gas travels through the discharge space,
energized electrons impact the oxygen molecules, resulting in disassociation of the
oxygen atoms. The disassociated oxygen atoms (O) are attracted to the negatively
charged oxygen molecules (O2-) and form ozone (O3) (Yao et al., 2015). The ozone gas
can then be used for water treatment applications. The amount of ozone gas generated is
dependent primarily on the electrical power applied and gas flow used.
In order to achieve successful application of ozone treatment in water, it is
imperative to understand both the reaction kinetics and the mass transfer of ozone in
water. Reaction kinetics describes the reactivity of ozone with organic matter in the water
and the amount of ozone consumed in relation to the degradation rate constant (FloresPayán et al., 2015). The mass transfer of ozone gas into water is mainly dependent on the
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effects of temperature, pH and ionic strength. The transfer efficiency of ozone gas into
water is limited due to the low solubility of ozone, and is largely reliant on the
thermodynamic properties of ozone (Flores-Payán et al., 2015).
Henry’s Law provides a method that can be used to determine the transfer of
ozone gas to dissolved ozone in water. Henry’s law describes the equilibrium between the
concentration of a gas, at a specific pressure and temperature, to the dissolved
concentration of that gas in a liquid solution. The equation for Henry’s law (Equation 1)
is applied to calculate the dissolved ozone concentration in equilibrium with the gas
phase concentration.
!=# ∙ &
Equation 1: Henry’s Law

Where Y is equal to the partial pressure of the gas above the liquid with the units of (mg
of O3 / L air) and H represents Henry’s law constant with the units (mg O3 gas/mg
air)/(mg of O3/L water), and X is the concentration of ozone dissolved ozone (mg O3/L
water). With the use of Henry’s law, it is possible to determine the equilibrium
concentration of dissolved ozone in water. Knowledge of the equilibrium concentration is
beneficial due to the ability to compare the dissolved ozone concentration during an
experimental trial to the known equilibrium concentration. The difference between the
dissolved ozone equilibrium concentration and that of the measured dissolved ozone
concentration is used to determine the ozone demand of a given water sample during an
experiment. Furthermore, the ozone equilibrium concentration described by Henry’s law
can help determine the effect of water characteristics, such as temperature, that can have
an observable effect on the equilibrium concentration. For example, an increase in
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temperature typically will result in an decrease in the dissolved ozone concentration, due
to it’s impact on the kinetic rate constant of ozone decomposition (Sotelo et al., 1989).
Henry’s law constant of ozone in water across various a range of temperatures can be
seen in Figure 1.

Figure 1: Equilibrium Henry Law’s constants for ozone in pure water vs temperature (Roth et al.,
1980)

The decay of ozone in water is heavily dependent on the quality of the treated
water. Ozone typically exhibits rapid initial degradation, followed by a second phase of
decomposition described with first order kinetics. Secondary oxidants called OH radicals
are formed through the reaction of ozone with organics. The interactions of dissolved
ozone with the water matrix, and subsequent formation of and reactions with OH
radicals, has a significant effect on the degradation of OMPs and the formation of
intermediate compounds and byproducts. OH radicals are strong, nonselective oxidants
with the ability to continue to degrade organic matter and pollutants. The degradation of
ozone into OH radicals can be driven by several water quality factors, including the
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presence of NOM, pH, temperature and ionic strength (Flores-Payán et al., 2015).
Hydroxide ions have the ability to initiate the decomposition of ozone, leading to pH
having a significant role in ozone decomposition. The oxidation pathway for ozonation is
determined by the ratio of ozone to OH radicals present in the aqueous solution.
The differences in reactivity and selectivity between ozone and OH radicals lead
to reaction rates that are orders of magnitude apart. In Table 5, the reaction rates for
pollutants and water quality constituents can be seen. The reaction rates for ozone are
variable, changing in order of magnitude across several different types of contaminants
and pollutants. The OH radicals in contrast have a more consistent, high reaction rate
with nearly all of the listed pollutants.
Compound
Atrazine
Benzene
Bromoform
Diclofenac
Carbamazepine
Chlorobenzene

Type of Pollutant
Pesticide
Solvent
Disinfection Byproduct
Pharmaceutical
Pharmaceutical
Pesticide

kO3 (M-1 s-1)
6
2
≤ 0.2
~ 1 x 106
~ 3 x 105
0.75

kOH (M-1 s-1)
3 x 109
7.9 x 109
1.3 x 108
7.5 x 109
8.8 x 109
5.6 x 109

Table 5: Ozone and OH radical reaction rates of various compounds (Von Gunten et al., 2003)

Organic micropollutants and ozone react in two primary forms, by direct reactions
with molecular ozone, and indirectly through OH radical reactions. The reaction of
organic compounds with molecular ozone is a selective process, occurring with a wide
variety of reaction rates. The rate at which ozone reacts with an organic compound is
heavily dependent on its chemical structure, resulting in reaction rates that span several
orders of magnitude from one organic compound to another. Some micropollutants are
easily degraded and removed by ozone (carbamazepine), some are resistant to ozone but
react with OH radicals (atrazine), and others are resistant to both form of oxidants
(TCPP) (Luo et al., 2014). The reaction rates of ozone with the pharmaceuticals
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carbamazepine and diclofenac are 3x105 M-1 S-1 and 1x106 M-1 S-1 respectively. Solvents
such as chlorobenzene (0.75 M-1 S-1) and cis-1,2-dichloroethene (540 M-1 S-1) show the
variation in reactions rates seen with molecular ozone another (Von Gunten et al., 2003).
Ozone is highly reactive and unstable in water; it exhibits an initial rapid decay followed
by a secondary phase of decay where ozone degrades with first order kinetics (Von
Gunten et al., 2003). The reaction of ozone in water results in the formation of a
secondary oxidant, hydroxyl radicals.
Hydroxyl radicals are formed through the decomposition of ozone in water, or
through reactions between ozone and constituents of the water matrix. Hydroxyl radicals
are non-selective oxidants with less variable and higher reaction rates than those of
ozone. For pharmaceuticals carbamazepine and diclofenac the reaction rates with OH
radicals are are 8.8x106 M-1 S-1 and 7.5x109 M-1 S-1 respectively. Solvents chlorobenzene
and cis-1,2-dichloroethene have the reaction rates of 5.6x109 M-1 S-1 and 3.8x109 M-1 S-1
respectively. In comparison to the reaction rates seen with molecular ozone, there is
much less variability in the order of magnitude between compounds, and higher reaction
rates seen with OH radicals (Von Gunten et al., 2003). Due to these high reaction rates,
OH radicals have the ability to rapidly degrade OMPs, however the constituents present
in the water matrix, such as natural organic matter, often scavenges them.
The oxidation of a specific organic micropollutant is highly dependent on the
chemical structure of that compound. The structure is a major factor that dictates if ozone
or OH radicals are the main oxidizer. Ozone effectively results in the oxidation of
compounds with an amino group, double bonds or those that contain an activated
aromatic system or sulfidic groups (Von Gunten et al., 2003). Ozone has shown to react
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less vigorously with compounds including amines and electron withdrawing groups, with
protonated amino groups showing close to no reaction with ozone.
Due to the high reaction rates exhibited with OH radicals, and ability to pretreat for
the removal of scavengers, advanced oxidation processes (AOP) may be employed to
increase their formation. These processes include use of UV light or hydrogen peroxide
to stimulate the formation of OH radicals. The use of advanced oxidation processes is not
pursued in this research, however it does provide a potential avenue for application of the
results herein.

3.2.4 Ozonation and Reaction Products
Ozone and OH radicals are highly reactive and effective at degrading and
breaking down organic matter and pollutants. However, disappearance of the target
pollutant does not necessarily ensure proper treatment of the water, this is especially true
at lower doses. In typical treatment scenarios involving ozonation, complete
mineralization or removal of various compounds found in the water matrix does not
occur, mainly due to the high operation costs that would be required to do so. High
operation costs stem from the large ozone dose that typically would be required for
degradation of all ozone by-products and intermediates, this does is chiefly dependent on
the water quality and characteristics that may result in an ozone demand. Ozonation of a
particular water matrix may result in the formation of several organic, and inorganic,
intermediates or degradation products that remain in the water matrix following treatment
by ozone (Papageorgiou et al., 2016). Ozone and OH radicals are highly reactive oxidants
that have the ability to react vigorously and quickly with organic compounds, chemicals,
minerals and various pollutants found in water and wastewater, resulting in the potential
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for by-product formation. The types of by-products and intermediates that can form
during ozonation vary greatly depending on the contaminants and water quality
characteristics of the ozonated water. Organic compounds present a significant source of
potential DBP forming compounds, such as carbonyl and aldehyde compounds (MichaelKordatou et al., 2015). Aldehydes comprise the majority fraction of biodegradeable
dissolved organic carbon, and presence of aldehydes such as formaldehyde and
acetaldehyde are linked to negative impacts on human health and the environment
(Papageorgiou et al., 2016; WHO, 2005).
The human and environmental health effects of the products formed during ozonation
vary between compounds, although it is possible that they can be more toxic than the
original pollutant (Aziz et al., 2016). Due to the nature of the emerging contaminants
found in wastewater and drinking water sources and the lack of conclusive evidence on
specific human and environmental impacts, conclusions on the individual impacts of each
byproduct and intermediate are extremely limited. At low ozone doses the target
compound may be effectively removed, but primary reaction products may remain in
significant concentrations. For this reason, it is typically necessary to extend the reaction
time with ozone to further degrade the intermediate products formed during ozonation
reactions or employ post-ozonation treatment for their removal. Intermediates will also be
formed from constituents found in the water matrix, such as organic matter, inorganics
like bromide, and biodegradable compounds.
The formation of bromate from bromide during the reaction with ozone is a major
concern in the application of ozone treatment. Bromate is a regulated human carcinogen
with a maximum allowed concentration of 10µg/l in wastewater effluent as regulated by
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the USEPA and WHO. The ozonation of bromide leads to the formation of bromate and
brominated disinfection by-products such as bromoform, bromoacetic and,
dibromoacetonitrile. While there is a limited number of studies focused on the formation
of brominated byproducts formed during ozonation, it is apparent through recent research
that depolymerization of natural organic matter can occur, increasing the potential
formation of brominated DBPs (Michael-Kordatou et al., 2015). The chief concern of the
use of ozonation is with the formation of bromate, due to the known pathway of
formation and its serious human health implications. Bromate is directly related to the
presence and of bromide and dissolved organic matter prior to ozonation. The reaction of
bromide with ozone results in bromate formation. The reduction of DOM s may lead to
higher bromate formation due to less competition with bromide for available ozone (Lee
et al., 2009). Pretreatment processes, such as ion exchange resins, may be employed to
reduce the concentration of bromide and organics, resulting in a net decrease in bromate
formation. Pretreatment prior to ozonation can also be effective for preventing the
formation of other byproducts and intermediates, resulting in a higher quality effluent
with fewer negative human and environmental health impacts.
Conventional drinking water processes may prove to be effective at removing some
intermediate products like carbonyl compounds formed during ozonation. Previous
research has shown that through coagulation, flocculation and GAC filtration in
conventional water treatment plants, carbonyl compounds were effectively removed
(Papageorgiou et al., 2016). Conventional treatment technology may not be reliable for
the removal of all intermediate reaction products formed, and additional post-treatment
following ozonation may be necessary, depending on the water matrix treated. Post
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treatment using GAC filtration has the ability to remove intermediate products formed in
ozonation that pose a human and environmental health risk.

3.2.5: Water Matrix Effects on Ozonation
The ability of ozone and OH radicals to effectively degrade and remove a target
contaminant is heavily impacted by the specific water quality characteristics of the water
matrix that target pollutant is in. Characteristics such as pH and temperature effect the
transfer efficiency of ozone gas into the dissolved ozone necessary for treatment, and
water quality factors such as natural organic matter can consume dissolved ozone and OH
radicals in the water matrix. Transfer of gaseous ozone to water is described through
Henry’s law, which shows the impact of pH, temperature and ionic strength. Other
factors, such as the presence of organics like natural organic matter (NOM), have been
shown to compete for ozone and OH radicals. The presence of these ozone and OH
radical scavenging compounds increase the ozone demand of the water matrix,
effectively lowering the efficacy of the ozone treatment to remove the target contaminant.
NOM is found in generally all wastewater and drinking water due to its origin from
natural hydrogeological and biological sources. The individual constituents that fall into
the larger category of NOM vary depending on the biogeochemical cycles of the specific
location, or the particular season and associated weather. NOM is comprised of many
types of inorganic and organic materials, including but not limited to carbohydrates,
proteins, humic acids and aromatic carbons (Matilainen et al., 2010). Ozone and OH
radicals will readily react with NOM compounds, resulting in an increased ozone demand
and need for increased ozone production to meet treatment goals. In addition to this
increase in ozone demand, NOM introduces many compounds that can form harmful
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byproducts and intermediates. Bromide, a compound of bromine, is associated with
hydrophilic NOM, and when ozonated will result in the formation of bromate. In most
instances the reaction of ozone with organic compounds results in the formation of
assimilable organic compounds (AOC). The genotoxic response of these compounds is
lowered due to the ozone degradation that occurs during treatment, however incidentally
harmful compounds may be produced as a result of this reaction. For example, the
reaction of ozone with the insecticide parathion results in the substitution of the sulfur in
a carbon- sulfur double bond with oxygen, yielding its bioactive metabolite paraoxon
(Zare et al., 2017).
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3.3 Pretreatment for Ozonation
Water matrices with significant levels of organic content, or other characteristics that
result in high ozone demand, may require pre-treatment for the application of ozone to be
practical. Pre-treatment options can vary depending on available technology, the
characteristics of the water matrix to be treated, and ozone demand required for
treatment. The main benefit of pre-treatment priot to ozonation is the reduction of the
ozone demand of the water to be treated, increasing the delivered ozone dose to the target
contaminant.
Coagulation, a conventional treatment method, can be used to reduce the amount of
organic content in the water matrix, such as NOM, before treatment with ozone.
Coagulation reduces organic matter through reducing the repulsive charge of nonsettleable colloids in order to form flocs, which can subsequently be removed. This is
achieved with chemical coagulants like aluminium or iron salts. Natural organic matter is
removed through coagulation through several different mechanisms including,
adsorption, entrapment, and charge neutralization (Matilainen et al., 2010). Optimal
removal of NOM is largely dependent on the specific composition of the NOM
encountered in the water matrix, the coagulant type, dose, pH, temperature and presence
of destabilizing anions (Matilainen et al., 2010). Coagulation can be performed inline, or
in large mixing tanks. In addition to NOM, chemical coagulation effectively removes
aromatic, hydrophobic and high molecular weight (HMW) compounds.
In addition to conventional coagulation, alternative pre-treatment options such as ion
exchange can be used to reduce compounds in the water matrix that cause ozone demand.
Ion exchange involves the use of anion exchange resins that effectively remove NOM,
DOC, low molecular weight (LMW) organics, and hydrophilic organic compounds
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(Metcalf et al., 2015). Removal of these compounds provides ample benefit to
downstream treatment processes, such as ozone treatment, by improving performance and
reducing the formation of potential DBPs (Koreman et al., 2016; Humbert et al., 2008).
IX treatment occurs through contact with the anionic resins in a fluidized bed reactor.
This allows for equal contact time and exposure conditions for each resin particle with
the water matrix (Koreman et al., 2016). A sodium chloride solution is used to regenerate
the resin, releasing the compounds from the resin in a brine waste solution.
An additional benefit observed in drinking water applications of IX treatment, is the
removal of bromide, fulvic and humic acids through the anion exchange process
(Koreman et al., 2016). Effectiveness of this treatment process is largely dependent on
the type of DOC and NOM characterized in the water to be treated, which can vary
substantially based upon biological and geochemical conditions of the water matrix. The
use of ion exchange resins has the potential ability to remove bromide, depending on the
water matrix, to a greater degree than that of coagulation (Walker et al., 2011). The use of
anion exchange resins has shown to be an effective method of treatment for the removal
of bromide; the degree of the removal of bromide can be affected by water matrix
characteristics such as the presence of DOC, regeneration of the anion resins, and resin
affinity for bromide (Walker et al., 2011). The bromide and DOC ratio of the treated
water can substantially impact the formation of reaction products such as bromate, as
well as the availability of ozone for treatment due to the effect of DOC on the ozone
demand.
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3.4 Post Treatment by Ceramic MF and GAC filtration
Ozone treatment is commonly used in conjunction with other treatment technologies
as part of an integrated process train to meet the desired water quality goals of the plant.
This can include ozone pre-treatment such as ion exchange and coagulation, or post
treatment steps like ceramic membrane filtration and granular activated carbon. Through
the use of several treatment technologies together, several unwanted pollutants or water
quality characteristics can be targeted and removed by combining the benefits of each
individual treatment process. The end result of an integrated process such as this is a
system that results in overall higher effluent water quality than the processes can achieve
individually.
Ceramic membranes are typically used to treat surface water for drinking water
production and wastewater for reuse. The use of ceramic membranes in these applications
is for the removal of colloidal matter, particulates, turbidity and pathogens. Contaminants
can be removed through membrane processes including size exclusion, adsorption onto
the membrane or charge repulsion (Luo et al., 2014). Ceramic membranes have the
benefits of high resistance to chemical agents such as ozone, allowance for greater
pressure and flux, surface chemistry resistant to fouling and physical durability beneficial
for backwashing (Szymanska et al., 2014). For any membrane system, fouling of the
membrane surface and pores can be a major issue.
Common foulants in ceramic membranes are typically dissolved and natural organic
matter (DOM and NOM), of which there are low and high molecular weight fractions
(LMW and HMW). Ceramic membrane filtration (CMF) is capable of removing LMW
DOM with greater efficiency than conventional treatment options, such as polymeric
membrane filtration and rapid sand filtration (Abeynayaka, 2012). HMW organics, such
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as biopolymers, are a major contributor to ceramic membrane fouling (Zheng, 2015).
This foulant can be minimized through reducing the concentration of organic matter
through pretreatment and by promoting electrostatic exclusion between organics and the
membrane surface (Zheng, 2015). Furthermore, the implementation of ozone treatment
prior to ceramic membrane filtration has the potential to reduce the organic content of the
membrane influent, reducing the overall fouling potential (de Velasquez et al., 2013).
Ozone has the beneficial effects on the water matrix by destabilizing particles,
polymerizing dissolved organics and algae flocculation, and removing colloidal natural
organic matter, which lead to membrane fouling (Yu et al., 2017). Furthermore,
ozonation results in considerable reduction in biopolymers, which are responsible for
lower flux rates in UF and MF membranes (Yu et al., 2017). In a previous study, the
combination of ozone and ceramic membrane filtration was found to reduce the amount
of membrane fouling by 25% (Stylianou, 2015).
A primary reason for post treatment following ozonation is to remove intermediate
products; metabolites and byproducts formed during the reaction of ozone and OH
radicals with the water matrix and pollutants. Ozonation does not result in complete
mineralization of all undesired water pollutants and compounds unless very high ozone
dosages are used. This results in the need for removal of these products and compounds
that may pose a significant threat to human health and the environment. Ceramic
membrane filtration can remove particles and other large colloidal matter, but does not
have an effect on OMPs or their intermediate products.
An additional treatment step of granular activated carbon filtration (GAC) is often
used to provide removal of degradation byproducts and intermediates stemming from the
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ozonation of NOM and OMPs, as well as any remaining OMPs or NOM in the matrix.
Activated carbon is filtration medium typically used for taste and odor control in
conventional drinking water treatment plants. In recent years GAC has been studied as a
treatment method for removal of OMPs in WWTP effluent. GAC filtration has been
shown to effectively remove OMPs and DBP forming compounds to a greater degree
than coagulation and flocculation (Luo et al., 2014; Matilainen et al., 2010). Due to the
large surface area, pore size, and surface chemistry of GAC, it is an effective method of
removal for the removal of some pharmaceuticals (Bui et al., 2016). Results from a full
scale GAC wastewater effluent treatment plant showed high removals of diclofenac (8499%) and lower removals of carbamazepine (17-23%) (Luo et al., 2014). Removal of
select OMPs has been reported to be as great as 80% in municipal wastewater treatment
plant effluents (Mulder et al., 2015). Contaminant removal is largely dependent on the
interactions with the carbon particles, and competition for adsorption sites or pore
blocking can reduce effectiveness of GAC. Due to this factor, the contact time with GAC
is critical for reaching higher adsorption efficiencies with GAC. Additionally, the
presence of large particulates, solids and water matrix constituents like NOM can reduce
the effectiveness of GAC. The removal efficiency of OMPs and associated intermediates
and products with GAC can be highest in combination with other treatment processes,
such as ozonation and ceramic membrane filtration.
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3.5 Water Matrix and Organic Micropollutant Selection
For this research, four water matrices were chosen for experimentation. The
matrices were; demineralized water, tap water, IX pre-treated secondary wastewater
effluent and untreated wastewater effluent (Table 6). Demineralized water was chosen to
provide a baseline water matrix without an expected ozone demand and uptake that could
be used as a comparison to the other water matrixes. Tap water provided an intermediate
water matrix that was expected to have a nominal ozone demand and uptake, providing
another means to determine the water characteristics effect on ozonation. Furthermore,
the tap and demineralized water matrixes provided data on the behaviour of dissolved
ozone at equilibrium and of natural decay of ozone. The two main water matrices that are
the focus of much of this research are the IX pre-treated and untreated secondary treated
wastewater effluent samples. An ion exchange pre-treated water matrix was used to
determine the effects of the pre-treatment step on ozonation and water quality parameters,
such as bromate formation. Ion exchange resins are typically used to remove and reduce
the concentrations of organic matter, which can create significant ozone demand. The
final water matrix, secondary wastewater effluent was sampled from the effluent channel
of Wervershoof treatment plant. This water matrix provided results on the effect of
ozonation on a wastewater effluent that had undergone conventional biological treatment,
without any additional post treatment. Additionally, this water matrix was the source of
water pre-treated with ion exchange. The IX and untreated wastewater effluent matrixes
were also used for the organic micropollutant spiking experiments. In sum, all four water
types provided a broad range of matrixes with differing water quality characteristics for
the ozonation experiments.
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Water Matrix
Demineralized Water

Reaction With Ozone
Ozone uptake
No ozone demand
Tap Water
Ozone uptake
Small instantaneous demand
Ion Exchange Treated Ozone uptake
Secondary
Larger instantaneous ozone demand
Wastewater
Secondary
Ozone uptake
Wastewater
Highest ozone demand
Table 6: Summary of water types chosen and description of reactions with ozone

The selection criteria for the six organic micropollutants used in the spiking
experiments was based on several factors. Micropollutants were chosen that are
commonly found in wastewater effluent in order to provide meaningful and relevant
results in the application of wastewater reuse technology. Furthermore, the six OMPs
chosen were found specifically in the effluent of the Wervershoof WWTP, a conventional
biologic treatment plant. As the micropollutants were to be spiked into the wastewater
samples, it was necessary to consult the contracted water analytics lab on the method
detection limit, accuracy and availability of compounds. Compounds were used that had a
low method detection limit, within the range of expected degradation with ozone, and
could be analysed in the water matrix used in the experiment. Additionally, these six
compounds could be analysed with acceptable levels of accuracy and the water matrixes
used had little impact on the accuracy and precision of the analytical method.
A crucial factor in determining the micropollutants for use in the ozone
experiment is the individual compounds reactivity with molecular ozone. Compounds
were chosen that represented a range of reactivity to provide a mechanistic understanding
of the interaction of ozone with organic micropollutants. The six micropollutants can be
categorized in pair as having fast, medium and slow reactivity with ozone.
Carbamazepine and diclofenac exhibit fast reaction rates with ozone, and were expected
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to have rapid and significant degradation. Caffeine and ibuprofen have proved to show a
mid-level reactivity with ozone. Iopromide and TCPP have shown to react much slower
with ozone. The reaction rates of each of the selected OMPs with both ozone and OH
radicals can be seen in Table 7.
Compound
Diclofenac
Carbamazepine
Caffeine
Ibuprofen
Iopromide
TCPP

kO3 (M-1 s-1)
~ 1 x 106 (1)
~ 3 x 105 (1)
650 +/- 22 (3)
9.6 +/- 1 (4)
0.8 (2)
<1 (5)

kOH (M-1 s-1)
7.5 x 109 (1)
8.8 x 109 (1)
5.9 – 6.9 x 109 (3)
7.5 +/- 1.4 x 109 (4)
3.3 x 109 (2)
1.98 x 108 (6)

Table 7: Ozone and OH radical reaction rates with micropollutants 1(Van Gunten et al., 2003)
2
(Yoon et al., 2017)3(Broséus et al., 2009) 4(Aziz et al., 2017) 5(Gerrity et al., 2010)
6
(Antonopoulo et al., 2016)

3.5.1 Organic Micropollutants Background
3.5.1.1 Carbamazepine
Carbamazepine (CBZ) is an anti-epileptic drug that is has proven resistant to
treatment in wastewater treatment plants and is listed as a medium to high-risk pollutant
in surface waters WWTP effluents (Bessa et al, 2017). Carbamazepine is often used as
molecular marker for contamination of surface and groundwater by wastewater, due to its
environmental persistence. Traditional treatment processes, such as biodegradation, have
shown to result in low removal rates in conventional wastewater treatment processes
(Bessa et al, 2017).
3.5.1.2 Caffeine
Caffeine is the most widely consumed legal drug in the world, due to its extensive
consumption through beverages, foods and over the counter medications (Rosal et al,
2007). Caffeine is a central nervous system stimulant in the Methylxanthine class of
stimulants. The largest source of caffeine is due to disposed, unconsumed caffeine into
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the wastewater stream, as caffeine is near completely metabolized by the human body
(Rosal et al, 2007). In previous studies, caffeine has been detected in significant
concentrations in surface waters, including downstream of wastewater treatment plants
(Lee et al, 2007).
3.5.1.3 Diclofenac
Diclofenac is a common compound used to represent analgesic non-steroidal antiinflammatory pharmaceutical compounds (NSAIDs) that in recent years have been
measured in natural water sources and aquatic habitats (Aziz et al, 2017). Diclofenac and
NSAIDs exhibit low ecotoxicity as lone compounds, however if combined with other
NSAIDs over a prolonged period of exposure the effect on natural water sources and
aquatic life is negative (Aziz et al, 2017).
3.5.1.4 Ibuprofen
Ibuprofen is a widely used over the counter medication used for fever reduction,
pain relief and many other applications. Ibuprofen is a a-Methyl-4-[isobutyl] phenylacetic
acid produced and consumed in large quantities throughout the world. Due to its
pervasive use, ibuprofen can enter natural water bodies through disposal of household
drugs, human or industrial waste (Gong et al, 2017). Ibuprofen has shown to have
negative effects on aquatic life at low concentrations, however no adverse health effects
have been observed at these low concentrations (Gong et al, 2017). The most significant
potential impact of ibuprofen is through biomagnification through lack of treatment in
wastewater and drinking water treatment plants.
3.5.1.5 Iopromide
Iopromide is a non-biodegradeable, inert compound used in the medical industry
as an X-ray and MRI contrast compound agent. The stability and lack of biodegradability
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of iopromide results in the compounds widespread presence in both wastewater effluent,
and finished drinking water across the globe (Keen et al, 2016). The biologic and
chemical stability of iopromide, as well as its high solubility, results in traditional
wastewater treatment processes having little to no effect on removing the compound
(Keen et al, 2016). The presence of iopromide has not been observed to cause negative
environmental impacts, however the reaction of iopromide with chlorine leads to the
formation of iodinated disinfection byproducts. Previous work has concluded these
iodinated disinfection byproducts to be more toxic than some of the presently regulated
disinfection byproducts resulting from chlorine (Duirk et al., 2011).
3.5.1.6 Tris(2-chloroethyl) phosphate
Tris(2-chloroethyl) phosphate (TCPP) is an organophosphorus flame retardant
and viscosity regulator. TCPP is regulated in the European Union (EU) as a high
production volume chemical due to its widespread application and heavy production.
Incomplete removal of TCPP through traditional wastewater treatment processes has led
to TCPP being one of the most common detected emerging pollutants in wastewater in
the EU (Antonopoulo et al., 2017). Due the large volumes of TCPP produced and the lack
of treatment in traditional wastewater treatment plants, TCPP has been measured in
surface waters in significant concentrations (Antonopoulo et al., 2017).
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Chapter 4
4. Materials and Methods
4.1 Materials
4.1.1 Ozone Measurement
It is imperative in any research project involving ozone to have the ability to
measure the ozone concentration in gas and the dissolved ozone concentration. This can
be achieved using several methods, both manual and automatic. The indigo blue method
is a widely accepted method of determining the concentration of ozone dissolved in a
solution.
This method is typically used as a form of calibration for electronic probes and
controllers. The indigo method is a colorimetric method that provides relatively precise
and fast measurements of residual ozone. It has few sources of interference and can be
performed quickly with relative ease (Bader et al; 1980). Indigo trisulfonate, a common
indigo dye used in the fabric industry, is the main reagent used in this method. When
indigo trisulfonate comes into contact with dissolved ozone, the ozone molecule splits the
carbon-carbon bond double bond of the sulfonated indigo dye, effectively cleaving the
the bond, which results in a colorless solution. The amount of ozone dissolved in the
water sample can therefore be determined by the change in hue of the indigo solution via
colorimetric analysis (Braz et al., 2006).
A Hach DR-6000 UV spectrophotometer was used in multiple experimental
procedures throughout this research. The DR-6000 was used for UVT measurements, and
absorbance measurements for the indigo blue method for determination of dissolved
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ozone concentration. The cuvettes used in all procedures involving the DR-6000 were
5cm in length, absorbance and transmittance readings were converted from 5cm to 1cm
following measurement. The DR-6000 is capable of measuring absorbance at a single
wavelength, over a range of wavelengths from 190 – 1100nm. UVT measurements were
taken at 254nm, while indigo blue method sample measurements were taken at 600nm.
4.1.2 Water Matrixes
Secondary Wastewater
The secondary wastewater used in this experiment was sampled from the effluent
channel of the Wervershoof wastewater treatment plant (WTTP) on March 14-15th. The
Wervershoof WWTP receives raw wastewater from the surrounding villages and treats it
with traditional treatment processes. These processes include: bar screening, grit removal,
biologic treatment via anoxic/anaerobic reactors, secondary clarification, and
chlorination. This treatment process is representative of the common, traditional
treatment process used throughout the wastewater industry. The aim of this treatment is
to remove organic matter, organic nutrients viruses, bacteria, solids, grease and other
regulated wastewater effluent constituents. The sampled effluent from Wervershoof used
as the secondary wastewater did not undergo any additional treatment.

Ion Exchange Treated Secondary Wastewater
Approximately half of the secondary wastewater collected from the effluent
channel of the Wervershoof WWTP was further treated with a suspended Ion Exchange
(IX) process. Ion exchange resin is designed to remove dissolved organic carbon (DOC),
sulphate, nitrate and phosphorus from water, resulting in improved water quality and
downstream membrane performance. Regenerated anionic resin was collected from the
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PWNT Suspended Ion Exchange (SIX) tank for use in the experiment. The stock resin
used in SIX, Lewatit S 5128 resin, was provided by Lanxess, a German chemical
manufacturing company. The acrylic based resin is a gelular, food grade, and strongly
basic anion exchange resin. This resin is specifically manufactured for the removal of
NOM in surface water. The effective d10 of the resin is 0.50 – 0.75mm. Additional
information can be found in appendix XXX on the product information sheet provided by
Lanxess. The resulting treated sample water was then labeled and placed in jerry cans for
future use.
4.1.3 Organic Micropollutants
All compounds used in this research were acquired from the contracted lab used
in this research, Het Waterlaboratorium, and are of analytical grade (Table 8).
OMP Compound

Producer

ID Number

Carbamazepine
Diclofenac
Iopromide
Caffeine
TCPP
Ibuprofen

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

94496
93484
38701
C1778-vl
538728
L4883-G

Level of
Detection
(ng/l)
5
3.6
1.4
13.1
14
31.8

Level of
Quality
(ng/l)
5
4
1.5
15
20
32

Table 8: LOD, LOQ, ID number and producer of the 6 spiked OMPs

Samples of the water matrices used in this research were sent via courier van to
the PWNT contracted analytics lab Het Water Laboratorium (HWL) when necessary.
Two methods were employed for the analysis and measurement of organic
micropollutants in the water samples, the Pharma-SPE analysis and the Multi-3 analysis.
The Pharma-SPE is a proprietary method for determining a number of drugs in water
using mass spectrophotometry detection after solid phase extraction (SPE) and ultra
performance liquid chromatographic (UPLC) separation. The components to be analyzed
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are isolated from the water using SPE. After desorption and concentration, the extract is
applied directly to an Acquity UPLC BEH C18 21x50 mm 1.7µm column, the
components are separated by means of a gradient (HWL, 2018).
The Multi-3 is a proprietary method that utilizes a gas chromatograph in order to
determine the content of halogenated organo-(GOC) and chlorophenoxycarboxylic acids
using liquid-liquid extraction (LLE). The components to be analyzed are extracted from
the water with diethyl ether at pH <0.6 by means of a liquid-liquid extraction. With a
large volume injection, a portion of the extract is placed on a capillary separation column,
separated and then detected with a triple-quadrupole mass spectrometer. All components
are measured as methyl esters, as the report name the name of the pesticide is used. The
methyl esters of the components are obtained with diazomethane. This does not apply to
Chlortal, which is purchased as a methyl ester. Quantification takes place via an internal
standard that has gone through the entire extraction and derivatization procedure (HWL,
2018).
4.1.4 UNESCO IHE Ozone Bench Scale Equipment
The bench scale equipment used for the ozone decay and organic micropollutant
ozone trials is owned and maintained by the UNESCO Institute for Hydraulic and
Environmental Engineering facility in Delft, NL. The bench scale system was built and
designed by Lenntech, a water treatment technology company. The system consists of an
ozone generator, ozone reactor column, dissolved ozone probe, ozone gas flow meter,
and ozone gas analyzer.
Ozone gas is generated through the use of a skid mounted Trailigaz brand ozone
generation unit. This unit allows for the control and monitoring of the: generator
pressure, power output and ozone gas flow. Through adjusting the power and flow, the
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concentration of the ozone gas produced can be manipulated, which is displayed on the
ozone gas analyzer screen. Ozone gas is generated through the use of a dielectric barrier
discharge system. This process of ozone generation creates ozone by forcing a stream of
pure oxygen between two charged electrodes, electrons impact the oxygen molecules,
(O2) splitting them into molecular oxygen (O). The molecular oxygen then will combine
with oxygen (O2) remaining and form ozone (O3). This ozone then is available for use in
the reactor chamber of the bench scale system.
Two loops, in which the ozone gas travels, exist within the ozone bench scale
system. Prior to either loop is a reducer (V2000) that allows for the direction of a portion
of the flow to the ozone destructor and to the remainder of the system. This reducer
currently directs roughly 90% of the ozone gas flow to the ozone destructor, and 10%
through the experimental system. Following the reducer, the gas passes through a flow
indicator (F13000) and to the Ritter gas flow meter (FI3002). The ozone gas
concentration is measured by an electronic ozone gas analyzer (SI3003) before entering
the destructor. This loop results in the measurement of the ozone gas before the gas
produced enters the destructor. Valves V2001 and V2002 are used to direct the ozone gas
flow to the second loop, which includes the ozone reactor column. The ozone gas passes
through V2002 and enters the ozone reactor column through a bubble diffuser at the
bottom of the 2.6L column. Samples are continuously taken from the reactor column and
analyzed for dissolved ozone concentration and temperature, using the Krypton K-100
controller and associated probes. Ozone gas from the reactor chamber then proceeds to
the destructor. See the appendix for the full P&ID of the bench scale system.
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4.1.5 PWNT Ion Exchange Contactor
The ion exchange treatment of secondary wastewater sample water was
performed using a small bench scale treatment system located at the PWNT pilot facility
in Andijk, NL. This system composed of a 50L plastic reactor tank and a paddle mixer.
The sample to be treated was decanted into the reactor tank with the resin, where it could
be mixed for the desired amount of time. Following treatment, the sample could be
removed via a tap at the bottom of the tank.

4.1.6 Wervershoof Wastewater Sampling Equipment
In coordination with the Wervershoof plant operators, an ideal sampling location
was chosen at the end of the effluent channel leaving the treatment plant. At this location
was an existing catwalk from which the plant personnel carried out their own effluent
testing procedures. For the purposes of this experiment, a 24-hour representative sample
was acquired for the ozone decay and OMP spiking experiments. To gather this sample, a
small pump was installed on the catwalk to feed a large 500L steel tank over the course
of 24 hours. The influent rubber tube for the pump was weighed down in order to acquire
a sample at mid-depth within the channel. The effluent line exited the pump and entered
the top of the steel tank where it was collected. Following the 24 hour period, the 500L of
sample was transferred into individual 5 jerry cans for easier transportation.
4.1.7 PWNT Ozone Pilot
In order for a comparison to be made between the data generated from the bench
scale equipment at IHE and the results from the Wervershoof pilot, the experimental and
process conditions of both installations must be determined and evaluated. The primary
conditions between each system that were analysed are residence time and ozone dosage.
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To estimate the amount of time necessary for water to travel from the influent
point of the pilot, through the ozone dosing point, inline mixer, various piping and the
ceramic membrane filter, a brine solution was spiked into the influent stream.
Conductivity measurements were taken initially and after the ceramic membrane in the
effluent stream. Prior to the experiment; the pilot system was run without ozone using
regular tap water. A continuous stream of brine solution was introduced via the influent
pipe to the pilot at time t=0, and effluent conductivity measurements began the following
minute. Over time, the conductivity increased as the brine solution flushed the tap water
out of the system. The brine solution reached a peak effluent conductivity reading of
167ms/cm, compared to the 186ms/cm conductivity reading of the brine influent, 7.5
minutes after the beginning of the experiment (Appendix II) At the 8 minute mark the
brine solution was removed from the influent and replaced with tap water. Approximately
21 minutes following this, conductivity measurements returned to the influent
measurements prior to the introduction of the brine solution. The total residence time is
best represented by the 7.5 minutes taken for the initial plug of brine solution to reach the
ceramic membrane effluent from the influent pipe.
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4.2 Experimental and Laboratory Methods
4.2.1 Secondary Wastewater Effluent Sampling Procedure
1. After 24 hours and the representative sample had been acquired, the pump from
the effluent channel was turned off
2. A tap on the bottom of the steel tank was used to decant the sample water into 5
liter plastic jerry cans
3. Each jerry can was rinsed with sample water prior to filling
4. A total of 40 jerry cans were filled with sample water
5. Jerry cans were stored in a cool garage before use in following experiments
4.2.2 PWNT Ion Exchange Sample Treatment Procedure
1. Rinsed inside of mixing tank with roughly 1 liter of sample
2. Filled mixing tank with 100L of sample from jerry cans
3. Transferred resin from SIX pilot tank to large glass jar
a. Measured out 2000ml of resin
i. Measurement was performed after the greatest amount of
water possible was removed from the beaker
1. Through decanting and pipetting
ii. Resin was agitated to remove air pockets prior to
measurement
b. All glassware was rinsed with Milli-Q water prior to use
4. Stator was engaged at 15hz
5. 1000ml of sample water was removed from the mixing tank and used to
assist the removal of resin from the glass beaker
6. Resin allowed to mix and contact sample for 20 minutes
7. After 20 minutes had passed, stator was turned off
8. IX treated sample was removed from the tank via a tap at the base of the tank
9. A pre-rinsed bucket equipped with filters to prevent resin from entering the
jerry cans was used, in addition with a rinsed funnel
a. Transferring the IX treated sample from the tank with the resin into
the jerry cans elapsed 16mins 30seconds
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i. During this time additional treatment past the 20minutes
contact time may have occurred
10. Jerry cans were labeled with “IX” and transported back to the garage to be
stored in a cool environment.
4.2.3 UNESCO IHE Ozone Bench Scale Ozone Procedure
1. Plug in the main white power cable into the wall socket
2. Open the air supply and set the inlet pressure to 7 bar
a. DO NOT exceed a pressure of 8 bar
3. Place the key in lock A-14 of the generator and turn it 180 degrees clockwise
a. Key is located in the manuals drawer
4. Turn switch A-14 to Power O3 dryer
5. Open A-13 slowly until 0.5-0.6 bar over-pressure is reached
6. Adjust A-12 to roughly 350 l/h (align with middle of the ball)
7. Wait 20 minutes for complete drying of the air
a. Rinse reactor chamber with De-mineralized water
b. Run pump with demi water to rinse tubing and sensor
8. Slowly open the tap on the wall to start the water cooling
a. Check that water is flowing
9. Turn the A-14 switch to dryer ozonizer
10. Check A-7 is up to 0.7 Amps
11. Carefully pour 2.7L of sample into the reactor chamber
12. Wait for ozone to stabilize on sensors SI3003 (ozone gas concentration)
a. Calibrate dissolved ozone sensor with test run
13. Turn pump on
14. Open valve 2002 close valve 2001 simultaneously
15. Begin recording data
16. When dissolved ozone is stable:
a. Reverse step 14 and turn ozone generator to power O3 dryer
b. Continue to record data
17. When finished
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a. Empty + rinse reactor
b. Start up ozone generator again for new trial or power-down
18. Power-down Procedure
a. Close the cooling water tap
b. Turn switch A-14 to stop, turn the key and place it in the drawer
c. Unplug the power supply
d. Clean the workspace
e. Take samples for tomorrows experiment out of cold storage and place
by bench scale setup
4.2.4 Wervershoof Wastewater Sampling
The wastewater used in this research was collected over a 24-hour period on the
day of March 13th, 2017. This wastewater effluent sample was collected from the effluent
channel of the Wervershoof WWTP, at a location prior to any mixing with other water
sources or channels. The sample was taken below a steel catwalk across the channel, the
location at which the Wervershoof plant personnel take their regular samples of the
wastewater effluent. A rubber hose was weighed down to float at mid depth within the
center of the channel to collect the sample. This hose was in turn connected to a small
variable speed pump, which was set to pump at a rate of 20L/hr in order to fill up the
500L tank in the 24 hour time span. Following the 24 hour period, 40 plastic 5L jerry
cans were used to transport the sample. The inside of each jerry can was first rinsed with
the sample prior to filling. The 40 jerry cans were transported back to PWNT and stored
in a cool, dark garage until later use.
4.2.5 Het Waterlaboratorium N.V. Haarlem
Het Waterlaboratorium (HWL) is located in Haarlem, Netherlands and is an
independent organization from PWNT or PWN. Due to the number and type of
wastewater and water contaminants and characteristics tested, samples were sent to HWL
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for professional analytic testing. Samples were sent to HWL when such work could not,
or was not feasible, to be completed onsite or using PWNT lab facilities.
4.2.6 Indigo Blue Ozone Calibration Procedure
Blank Measurement
1. Retrieve bottle of indigo blue trisulfonate from cold storage
2. Pipet 5ml of indigo reagent in a 50ml volumetric flask
3. Fill remaining 45ml of the volumetric flask with demineralized water
4. Fill a 5cm cuvette with demineralized water to create a blank for the
DR 2800
5. Place the blank in the appropriate receptacle within the DR 2800
6. Close the hatch and use the touch screen to select ‘zero’
7. Zero the Hach DR 2800 spectrophotometer with the blank at 600nm
8. Record resulting adsorption value into the indigo method excel sheet
a. Insert value into the ‘adsorption’ field in the row dedicated to
the blank sample on the provided excel sheet
9. Decant the demineralized water and dry the cuvette using a clean
disposable wipe
Measurement: Sample
1. Retrieve bottle of indigo blue trisulfonate from cold storage
2. Gather the appropriate number of sample bottles needed for the
experiment
a. This number is dependent on how many measurements that
will be taken
b. Label the sample bottles with the appropriate time to denote
when the measurement was taken
3. Use a pipette to place 5ml of the indigo reagent into a clean sample bottle
4. Weigh the bottle with the 5ml of indigo reagent using a laboratory scale
5. Record the value in the excel sheet under “weight of sample bottle +
indigo”
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a. Repeat steps 3 through 5 for each of the sample bottles created
6. Begin the ozone experiment and start a timer as soon as the reactor
chamber is exposed to ozone
7. Using the tap on the side of the reactor chamber, pour 25ml of the sample
into a volumetric flask
8. Slowly add the 25 ml of the ozonated sample to the sample bottle with the
indigo reagent until the indigo solution becomes a very pale blue color
a. Too much ozonated sample will result in a clear colored liquid, if
this occurs the measurement must be retaken if possible, or thrown
out
b. Constantly mix the sample by swirling the bottle as the ozonated
sample is added to the indigo reagent
9. Repeat steps 7 and 8 for each of the planned measurements during the
experiment
10. Weigh the sample bottle with the ozonated sample and indigo blue reagent
a. Record the value in the column labeled “weight of sample bottle +
indigo + sample”
11. Measure the absorption of the sample, record the value in the excel sheet
12. Use the calculated ozone concentration to recalibrate the desired ozone
detector
13. Repeat as necessary
4.2.7 Organic Micropollutant Ozonation Experimental Procedure
Start Up Procedure
1. Plug in the main white power cable into the wall socket
2. Open the air supply and set the inlet pressure to 7 bar
a. DO NOT exceed a pressure of 8 bar
3. Place the key in lock A-14 of the generator and turn it 180 degrees
clockwise
a. Key is located in the manuals drawer
4. Turn switch A-14 to Power O3 dryer
5. Open A-13 slowly until 0.5-0.6 bar over-pressure is reached

46

6. Adjust A-12 to roughly 350 l/h (align with middle of the ball)
7. Wait 20 minutes for complete drying of the air
a. Rinse reactor chamber with de-mineralized water
b. Run pump with demi water to rinse tubing and sensor
8. Slowly open the tap on the wall to start the water cooling
a. Check that water is flowing
9. Turn the A-14 switch to dryer ozonizer
10. Check A-7 is up to 0.7 Amps
11. Carefully pour 2.7L of sample into the reactor chamber
12. Wait for ozone to stabilize on sensors SI3003 (ozone gas
concentration)
13. Turn recirculating sample pump on
Start Experiment
14. Open valve 2002 close valve 2001 simultaneously
15. Start timer and record initial starting conditions
a. Record Ritter Flow meter, Gas Analyzer and Dissolved Ozone
(in that order)
b. Take influent sample, if beginning new set of trials
16. Expose sample to ozone for allotted time
a. See table below

Sample Water Type
1
WW
2
WW
3
WW
4
WW
9
10
11
12

IX
IX
IX
IX

Ozone
Exposure Ozone
Time
Dose
(mins)
(mg/L)
Raw/OMP
0
0
Raw
4.2
15.9
Raw
9
31.8
Raw
20
47.7
Raw
0
1.5
4
13

0
14.9
29.8
44.6

Raw
Raw
Raw
Raw
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17. Close valve 2002 open valve 2001 to end ozonation of reactor
18. Measure dissolved ozone concentrations at the following time
intervals after ozonation
a. 10 minutes
b. 20 minutes
c. 30 minutes
19. Drain sample from reactor vessel into a clean glass 5L beaker
20. Add 2.6ml of quenching solution to the beaker and stir
21. Transfer sample to sample bottles provided by HWL
22. Decant remaining sample into clean jerry can, place in storage
23. Rinse reactor vessel with demineralized water
a. Run pump to rinse sampling wells and tubes
24. Begin next experiment or start shut down procedure
4.2.8 Henrys Law Calculations
In addition to the indigo method used to manually measure the dissolved ozone
concentration, Henrys law was used to calculate the dissolved ozone concentration. It is
important to be able to determine the dissolved ozone concentration in each experimental
trial for use as a reference and check against the experimental results. This can be
calculated through the use of Henry’s law and Henry’s law constant. Henry’s law allows
for the conversion of the concentration of a gas, at a specific pressure and temperature, to
the dissolved concentration of that gas in a liquid solution. Using the data of the
concentration of ozone gas over time during each experiment, the dissolved ozone
concentration in the sample water can be determined with Henry’s Law. The procedure
for determining the dissolved ozone gas concentration using Henry’s Law and Henry’s
constant is described in the following section.
The equation for Henry’s law (Equation 2) is used to solve for the dissolved
ozone concentration throughout the experimental trial.
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Equation 2: Henry's Law

Where Y is equal to the partial pressure of the gas above the liquid with the units of (mg
of O3 / L air) and H represents Henry’s law constant with the units
(mg O3 gas/mg air)/(mg of O3/L water), and X is the concentration of ozone dissolved
ozone (mg O3/L water).
4.2.9 Ozone Uptake and Dose Calculations
In each experiment measurements of the ozone gas concentration exiting the
reaction chamber were recorded over time as the experiment progressed and the delivered
ozone gas volume accumulated. The ozone gas concentration measurements were read
off of the BMT analyzer’s screen at regular time intervals during each experiment
conducted, for all water matrices used, both non-spiked and spiked. The ozone gas
volume was recorded through the use of a Ritter gas flow meter that measured the flow of
ozone gas delivered to the reactor chamber. The resulting ozone gas concentration and
gas volume data was then imported into excel. A graph was created for each experiment
with the ozone gas concentration (g/Nm3) on the y-axis and the cumulative ozone gas
volume (liters) on the x-axis. This plot yielded the ozone gas concentration over the
cumulative ozone gas volume during the experiment. From this graph the ozone uptake
could be identified and quantified. The ozone uptake is defined in this research as the
reduction in the initial ozone gas concentration at the beginning of the experiment, where
the ozone gas first enters the reaction chamber, to the point at which the ozone gas
concentration returns to an equilibrium concentration within the chamber close to the
initial concentration. This total ozone uptake is determined by calculating the area above
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the ozone gas concentration versus the cumulative ozone gas volume. The total ozone
uptake is then used to determine the ozone dosages used in the non-spiked and spiked
water matrix experiments. The high dose is represented by the total ozone uptake, the
medium dose is 2/3 and the small dose is 1/3 of the total ozone uptake. The ozone
exposure time required to meet each calculated ozone dose can then be determined using
the same graph. The area above the curve related to a specific ozone dose (high, low, etc.)
is calculated, allowing for the time to be read off of the x-axis. See appendix I for
example calculations.

4.2.10 Analysis of Data Representativeness
The degree at which a data point was deemed representative was based upon its
variability from the comprehensive mean of that data. Initially, all water quality data of
the Wervershoof wastewater effluent measured during the 6 month research period was
compiled in an excel spreadsheet. A mean for each parameter, such as COD and BOD5,
was calculated for each month (May, June, July etc.). Additionally, using this data a
mean was calculated from all data available during the 6-month period (Equation 3). This
mean was used as the basis for comparison to determine how representative a single data
point or monthly mean is to the typical representative water quality parameter value for
the Wervershoof effluent.

'()* =

Σ ,- .)/) 0,1*/2
3456(7 ,- .)/) 0,1*/2

Equation 3: Mean Equation

A standard deviation was additionally calculated for the mean of the culmination of the
data over the 6-month period (Equation 4). This standard deviation relates the amount of
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variability of a set of data, where a low standard deviation indicates a small degree of
variation and a high standard deviation represents a dataset with data spread over a
greater range of values.

Equation 4: Standard Deviation Equation

In Equation 4; 81, 82…8i represents the values in the dataset, x-bar represents the
mean of the data sets, N represents the number of values, and s is equal to the
standard deviation.
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4.3 Experimental Designs
4.3.1 IHE Ozone Decay Trials
The purpose of this experiment was to investigate the decay of dissolved ozone in
four different water types. This experiment provided information on the kinetics of ozone
in the water samples used in later experiments. Additionally, this experiment provided
opportunity to optimize the equipment settings to produce a dissolved ozone
concentration within a certain desired range.
The water types used in this experiment were; secondary wastewater, IX treated
secondary wastewater, demineralized water and tap water. Throughout the experiment,
the flow of ozone gas generated, the ozone gas concentration and dissolved ozone gas
concentration were observed and recorded at regular time intervals. These observations
were made every minute for the first 5 minutes, at 2 minute intervals until 15 minutes had
elapsed, followed by an observation at 5 minute intervals until an hour had elapsed, and
finally at 10 minute intervals until the end of the experiment. At each time interval values
for the Ritter flow meter, ozone gas analyzer, and dissolved ozone probe were observed
in recorded, in the listed order. Prior to experimentation, trials were completed with
sample water in order to acquire a dissolved ozone concentration within the measurement
range of the ozone probe; the system settings can be seen in Table 9.
Setting
Power (amps)
Pressure (bar)
Ozone Gas Flow

Value
0.7
0.5 – 0.6
60

(L/hr)

Ozone Gas
Concentration

19 - 23.5

(g/Nm3)

Table 9: Bench scale system settings for experiments
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Following a period in which the ozone gas concentration had stabilized within the range
described in table E, the reactor column was filled with 2.6L of the desired sample water
type and the sample was exposed to ozone gas. After the ozone gas concentration had restabilized, the ozone gas line to the reactor column was shut off, allowing for the decay
portion of the trial to begin.
Due to persistent issues with the installed dissolved ozone probe and controller, it
was necessary at times to use the indigo method to determine the dissolved ozone
concentration. Measurements were taken at the same intervals as described previously,
using a sample valve on the reactor column.
4.3.2 IHE Organic Micropollutants Ozonation Trials
The purpose of this experiment was to investigate the effects of ozone in
degrading and removing spiked organic micropollutants from two water matrices. This
experiment was performed at the UNESCO IHE laboratory, using the previously
described ozone bench scale equipment (see section 4.1.5). Through analysis of the ozone
gas curves from the ozone decay trials, three ozone doses were calculated for each water
matrix. The three doses chosen for each water matrix represented a low, medium and
high dose (Table 10).
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Water
Type
WW
WW
WW
WW
WW
WW
WW
WW
IX
IX
IX
IX
IX
IX
IX
IX

Spiked/NonSpiked
Non-spiked
Non-spiked
Non-spiked
Non-spiked
Spiked
Spiked
Spiked
Spiked
Non-spiked
Non-spiked
Non-spiked
Non-spiked
Spiked
Spiked
Spiked
Spiked

Ozone
Exposure Time
(mins)
0
4.2
9
20
0
4.2
9
20
0
1.5
4
13
0
1.5
4
13

Ozone Dose (mg/l)
0.0
0.6
12.2
18.3
0.0
0.6
12.2
18.3
0.0
9.4
18.9
28.3
0.0
9.4
18.9
28.3

Table 10: Exposure times and ozone doses used in OMP ozonation trials

The two matrixes spiked with the micropollutant compounds were the untreated
secondary wastewater effluent and IX treated secondary wastewater effluent. The OMPs
used in the experiment were; carbamazepine, diclofenac, ibuprofen, iopromide, caffeine
and tris(2-chloroethyl) phosphate. The OMPs were spiked into a large 50L vessel and the
spiked samples then were transferred to 5L plastic jerry cans. The concentration of each
OMP in each of the 5L jerry cans used in the experiment can be seen in Table 11.
Concentration in
Compound
Purity
5L Jerry Cans
Carbamazepine
0.990
5 ml
Diclofenac
0.985
40 µl
Ibuprofen
0.980
32 ml
Triethylsulfate
0.998
200 µl
Caffeine
1.000
10 µl
Iopromide
0.980
340 µl
Table 11: Organic micropollutants used and the purity and concentration
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A reactor volume of 2.6L of sample water was exposed to ozone each run, for the
designated time for that run to achieve the appropriate ozone dose. UVT, pH and
temperature measurements were taken at the beginning and end of each experiment.
Dissolved ozone measurements were taken via the indigo blue method at 1 minute
intervals throughout the exposure time, and 10, 20 and 30 minutes after ozonation ended.
At the end of each experiment the ozonated sample was drained from the reactor into a
clean 5L glass beaker, into which 5ml of a sodium sulfite ozone-quenching solution was
added. The quenched sample was then transferred into 1L and 50ml bottle provided by
HWL and placed in cold storage before shipping for analysis.

4.3.3 Empty Reactor Trial
The bench scale ozone system used for this experiment at the IHE laboratories
employed a BMT gas analyser, located after the batch reactor, to measure the gaseous
ozone concentration before the destructor. A trial run was performed without sample
water in the reactor, with normal operating conditions used in the following experiments,
to determine the time it took for the ozone gas to fill the reactor and reach the gas
analyser (Figure 2).
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Figure 2: Ozone gas concentration vs time with an empty reactor chamber

During this experiment the gas flow into the reactor was set to a rate of 60l/hr and
the initial gas concentration before opening the loop to the reactor was 22.47g/Nm3. The
ozone gas concentration was allowed to stabilize at a concentration of approximately
22g/Nm3 for a period of 60 minutes. At the 60 minute mark, the valves to the batch
reactor were opened, allowing the ozone gas to enter the reactor. The gas concentration
read by the gas analyzer returned to a stable concentration of 21.7g/Nm3 after 14 minutes
had elapsed from the moment the valves were opened. The drop in the curve between 60
minutes and 74 minutes represents the period in which the ozone gas mixed with the air
in the reactor, was subsequently diluted, and was read by the gas analyzer. A steady,
stable flow of ozone gas at a concentration of approximately 22g/Nm3 was maintained
after this 14 minute period once the air had been flushed from the reactor chamber.
The batch reactor has a volume of 2.6L, and with an approximate length of 1m
and radius of 4mm the tubing between the reactor and analyser represents a volume of
0.05L. The tubing volume is 2% that of the reactor chamber, and is unlikely to result in
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significant delay between ozone gas reactions in the chamber and measurement by the
gas analyser. In following trials using the bench scale equipment, the reactor chamber
contains one of the four selected water matrices, not another gas matrix such as air,
removing the need for the ozone to displace another gas. Due to this difference and the
small volume of the tubing, the time taken for the ozone to enter the chamber, react with
the water matrix, and reach the gas analyser is practically inconsequential.
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Chapter 5
5. Results
5.1. Characterization of Secondary Wastewater
The secondary wastewater effluent used in this research was collected from the
effluent channel of the Wervershoof wastewater treatment plant located in the village of
Wervershoof, North Holland. The Wervershoof WWTP is a conventional biological
treatment facility, and the sample used was continuously collected over a 24hr period in
dry conditions. The secondary wastewater effluent sample was collected from 4:00pm
Tuesday, March 14th to 4:00pm Wednesday, March 15th, 2017.
Over the course of the 6-month research period a sampling regime was
implemented to analyze the effluent of the Wervershoof WWTP. The goal of this
sampling effort was to: determine the representativeness of the wastewater sample used
in this research, and to gain a better understanding of the water quality and characteristics
of the wastewater matrix over time. To accomplish this, weekly and monthly sampling of
the secondary effluent was conducted onsite at the pilot from January to June 2017. This
involved weekly water quality analysis such as, nitrate/nitrite tests, and monthly analysis
of a wider array of wastewater characteristics and pollutants performed by HWL. The
monthly sampling regime was performed to determine the degree of variability present in
the wastewater effluent quality and the representativeness of the March 14th – 15th
sample. The average water quality parameters for each month, the total 6-month average
of each parameter, and the standard deviation resulting from the monthly averages are
presented in Table 12.
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Monthly
Average

COD
(mg/l)

BOD5
(mg/l)

TKN
(mg/l)

January
February
March
April
May
June

37.0
40.0
34.7
35.5
33.0
39.0

3.0
4.5
3.0
3.0
3.0
5.0

7.1
8.7
6.0
3.7
5.3
6.7

5.3
6.9
4.3
1.7
3.4
5.0

36.5

3.6

6.3

2.2

0.8

1.6

6 Month
Average
Standard
Deviation

NH4
(mg/l)

NO2
(mg/l)

NO3
(mg/l)

NOx
(mg/l)

Total N
(mg/l)

PO4
(mg/l)

Total P
(mg/l)

O2
(mg/l)

0.2
0.2
0.2
0.1
0.1
0.2

2.38
2.35
1.98
1.75
1.50
1.67

2.63
2.55
2.17
1.88
1.66
1.87

9.7
11.3
8.2
5.5
6.9
8.6

0.05
0.04
0.05
0.07
0.19
0.17

0.2
0.3
0.2
0.2
0.4
0.4

67.4
88.0
58.9
53.1
54.0
72.6

38060
47833
47402
31842
32858
29713

4.4

0.2

1.9

2.1

8.4

0.10

0.3

65.7

37951

1.6

0.0

0.3

0.4

1.8

0.06

0.1

12

7281

Table 12: Average monthly water quality characteristics for the Wervershoof WWTP effluent

Flow
(m3)

The data presented in Table 12 reveals the degree of variation of the effluent water
quality of the Wervershoof treatment plant. It can be seen that the highest wastewater
flows are present in the months of March and February, and lowest flow in June. The
month of March exhibits concentrations of COD, TKN, NH4, NO2, NO3, total nitrogen
and total phosphorus that are within one standard deviation of the average for the 6month period. Water quality characteristics such as BOD, and NO2 remain fairly
consistent from January to June, while others such as COD and total nitrogen show more
variability. Concentrations of both PO4 and total phosphorus increase in the months of
May and June, while NOx and NO3 decrease in the same 2 months.
The day prior to when the 24-hour sample was taken, March 13th, there is
available data for the general water quality characteristics of the secondary effluent at the
Wervershoof WWTP (Table 13). This data can provide insight to the relative conditions
of the wastewater the following day when the 24-hour sample was taken. Additionally,
there was no precipitation from March 13th to March 15th, 2017 to affect the results of the
sampling. The primary concern with the presence of precipitation is the dilution of
micropollutants and increase of pollutants found in runoff, resulting in a sample not
representative of normal dry weather conditions of the wastewater effluent.

Date
5/13/17

TKN
(mg/l)

NH4
(mg/l)

NO2
(mg/l)

NO3
(mg/l)

NOX
(mg/l)

Total N
(mg/l)

PO4
(mg/l)

Total P
(mg/l)

5.80
4.00
0.22
1.80
2.10
7.90
0.06
0.20
Table 13: Water quality data for Wervershoof WWTP, March 13th 2017

Flow
(m3)
21,266

Comparison of the data from March 13th in Table 13 with the average data for the month
of March (Table 12) shows definite correlation in the water quality data. Additionally, the
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data from 3/13/17 is well within one standard deviation of the data gathered over the 6month sampling period.
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5.2 Analysis of Wervershoof WWTP Organic Micropollutant Content
In coordination with the water quality analysis performed for the Wervershoof
WWTP effluent, the type and quantity of micropollutants present in the effluent was
determined during monthly sampling exercises. A main factor in choosing the six OMPs
used in this research (carbamazepine, diclofenac, caffeine, iopromide, ibuprofen and
TCPP) was their presence in the Wervershoof wastewater effluent. The successive
sampling undertaken, in part to determine the presence of various OMPs in the effluent,
as it is imperative that the OMPs chosen are representative of those typically found in the
wastewater effluent. A review of the data from each of the sampling regimes performed
for the wastewater effluent helped determine to what degree the selected OMPs are
representative of OMPs found in the Wervershoof effluent.
Analysis of samples taken on March 15th, the date of the sample used in this
research, yielded concentrations of a wide variety of pharmaceuticals, pesticides and
other organic micropollutants. Four of the OMPs used for the spiking experiments were
present in the secondary effluent, ibuprofen was not found and the analyses conducted
did not include TCPP (Table 14). Although ibuprofen and TCPP were not found in this
analysis, in general both compounds are common in conventional treatment plant effluent
due to their frequent use in medicines and consumer products. Presence of the OMPs in
the Wervershoof WWTP effluent was a major factor in the selection of the OMPs
selected, however other factors were considered. These factors include the ability of the
lab or perform accurate analysis and measurement of the compounds, and the reactivity
of the specific compound with ozone. Due to their specific reactivity with ozone, both
ibuprofen and TCPP were selected for use in this research, despite the lack of their
presence in the Wervershoof effluent.
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Compound
Carbamazepine
Diclofenac
Caffeine
Iopromide
Ibuprofen

Concentration (ng/l)
51
84.5
92
27.3
0

Table 14: Concentrations of select OMPs in Wervershoof WW effluent, March 15th 2017

An additional fifty micropollutants not used in following experiments were detected in
the wastewater effluent in various concentrations. These OMPs range from an assortment
of pesticides and pharmaceuticals, including but not limited to, naproxen, benzotriazole,
lidocaine, and bisoprolol (Table 15). This further highlights the amount and variability of
OMPs found in traditional wastewater effluent and the need for advanced treatment
processes to remove them.
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Compounds
bezafibrate

Values

Units

Compounds

Values

Units

94,7

ng/l

92

ng/l

1

ng/l

propranolol

4-methylbenzotriazol

0,647

µg/l

caffeine

5-methylbenzotriazol

0,616

µg/l

diclofenac

84,5

ng/l

0,6

ng/l

activity with respect to
dexamethasone

74

ng/l

Dichloroacetic acid

0,586

µg/l

naproxen

6,6

ng/l

pirimicarb

0,475

µg/l

lidocaïne

52,4

ng/l

0,4

ng/l

carbamazepine

51,1

ng/l

5000

ng/l

fenazon

fenofibric acid
Aromatics, sum

0,337

µg/l

activity with respect to
flutamide

methylbenzene

0,308

µg/l

bisoprolol

49,2

ng/l

triethylphosphate

0,241

µg/l

paroxetine

44,3

ng/l

carbendazim

0,207

µg/l

fenofibrate

4,2

ng/l

0,2

ng/l

claritromycine

333,1

ng/l

trichloromethane

0,127

µg/l

oxazepam

33,9

ng/l

trihalomethanes, sum

0,127

µg/l

temazepam

32,3

ng/l

methyl-tertiair-butylether
(MTBE)

0,12

µg/l

sulfamethoxasol

31,7

ng/l

MCPA

0,096

µg/l

gemfibrozil

30,1

ng/l

DEET

0,08

µg/l

iopromide

27,3

ng/l

dalapon

0,062

µg/l

metformin

2159,3

ng/l

trisobutyl phosphate

0,058

µg/l

theophylline

21,2

ng/l

imidacloprid

0,051

µg/l

atenolol

20,4

ng/l

monobromoacetic acid

0,043

µg/l

benzotriazole

2,955

µg/l

diuron

0,029

µg/l

primidon

2,8

ng/l

2,4-D

0,023

µg/l

pravastatine

2,6

ng/l

gamma-HCH

0,022

µg/l

hydrochlorthiazide

propyzamide

0,021

µg/l

sotalol

mecoprop

0,021

µg/l

1,3- en 1,4dimethylbenzene

0,018

bupirimaat
tetrachloro-orthophthalic
acid

diazepam

1666

ng/l

1391,7

ng/l

Activity with respect to
17B-estradiol

1300

pg/l

µg/l

trimethoprim

128,1

ng/l

0,015

µg/l

furosemide

1259,4

ng/l

0,015

µg/l

Total organic carbon

12,62

mg/l

benzene

0,011

µg/l

Time sampling

12

uur

dichloormethane

0,01

µg/l

azitromycine

1194,5

ng/l

117,6

ng/l

chloridazon

0,007

µg/l

10,11-trans
diolcarbamazepine

1,4-dichlorobenzene

0,006

µg/l

metoprolol

117,1

ng/l

linuron

0,005

µg/l

losartan

107,5

ng/l

dinoterb

0,004

µg/l

ketoprofen

1,9

ng/l

naftalene

0,002

µg/l

trichloroacetic acid

1,637

µg/l

Table 15: List of compounds measured in the Wervershoof WWTP secondary effluent on March
15th, 2017.
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Furthermore, a comparison of the organic micropollutant data from the 24-hour
sample and that from three samples taken in April, May and June can be made. From this
data a tentative connection between the sample on March 15th and the general water
quality parameters of the Wervershoof WWTP is established. Table 16 exhibits the
concentrations of various micropollutants measured in the effluent of the treatment plant,
those found in the sample on March 15th, and a calculated average and standard deviation
for the April, May and June data. Contrasting the average OMP concentrations with those
measured on the sample date shows similar values for many of the OMPs. A majority of
the OMPs analyzed on the sample date fall within one standard deviation of the average
concentrations from April to June. The relative parallels that can be drawn between the
OMP data from the sampling date and data from the following months improves the
representativeness of the March 15th sample. Therefore, due to the presumed similarity in
water quality between March 13th and 14-15th in addition to related OMP concentrations
of the sample to monthly data, it can be surmised that the March 15th 24-hour sample
used in this research is representative of the secondary wastewater effluent of the
Wervershoof treatment plant.
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Units
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
µg/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l
ng/l

April Pilot
Inf
16
<4
5
52
75
61
<2
24
<20
43
30
<6
2.5
2
<2
350
<15
10
<4
800

Furosemide
Trimethoprim

ng/l
ng/l

<3
<2

<3
<2

open
open

1300
130

<3
<2

X
X

Azithromycin
10,11-trans
diolcarbamazepine
Metoprolol
Losartan

ng/l

-

-

open

1200

X

X

ng/l
ng/l
ng/l

150
<0.3

<5
0.5

open
open
open

120
120
110

X
150.00
0.50

X
0.00
0.00

Trichloroacetic acid
Bezafibrate

µg/l
ng/l

0.37
1

1.4
<0.7

0.57
open

1.6
1

0.78
1.00

0.45
0.00

4-methylbenzotriazol
5-methylbenzotriazol
Fenazon
Dichloroacetic acid
Pirimicarb
Triethyl phosphate
Carbendazim
Diazepam
MCPA
DEET
Triisobutyl phosphate
Dalapon
Imidacloprid
Diuron
2,4-D

µg/l
µg/l
ng/l
µg/l
µg/l
µg/l
µg/l
ng/l
µg/l
µg/l
µg/l
µg/l
µg/l
µg/l
µg/l

0.75
0.68
0.7
0.14
<0.02
0.07
0.083
0.4
0.04
0.067
0.56
0.04
0.064
0.023
0.03

0.93
0.52
<0.2
0.62
<0.02
0.6
0.063
<0.2
0.2
0.14
2
0.12
0.084
0.025
0.09

0.91
0.46
open
0.14
<0.02
0.35
0.053
open
0.14
0.32
1.2
0.09
0.1
<0.040
0.06

0.65
0.62
0.6
0.59
0.48
0.24
0.21
0.2
0.10
0.08
0.06
0.06
0.051
0.029
0.02

0.86
0.55
0.70
0.30
<0.02
0.34
0.07
0.40
0.13
0.18
1.25
0.08
0.08
0.02
0.06

0.08
0.09
0.00
0.23
X
0.22
0.01
0.00
0.07
0.11
0.59
0.03
0.01
0.00
0.02

Compound
Propranolol
Caffeine
Diclofenac
Naproxen
Lidocaine
Carbamazepine
Bisoprolol
Paroxetine
Fenofibrate
Oxazepam
Clarithromycin
Sulfamethoxasol
Temazepam
Gemfibrozil
Benzotriazole
Primidon
Iopromide
Metformin
Theophylline
Atenolol
Hydrochlorothiazide
Sotalol

May WWTP
EFF
<0.3
<4
<0.6
<1
0.2
<2
<1
<20
<4
<0.4
<6
3.1
<1
<2
<70
<15
<0.1
<4
<0.1

June WWTP
EFF
open
open
open
open
open
open
open
open
open
open
open
open
open
open
2.9
open
open
open
open
open
open
open

March
15th
95
92
84
7
52
51
49
44
4
34
330
32
32
30
3.0
3
27
2200
21
20
1700
1400

April,
May
June,
Average
16.00
X
X
5.00
52.00
75.00
30.60
X
<2
24.00
<20
43.00
30.00
<6
2.83
2.00
<2
350.00
<15
10.00
<4
800.00

Standard
Deviation
0.00
X
X
0.00
0.00
0.00
30.40
X
X
0.00
X
0.00
0.00
X
0.25
0.00
X
0.00
X
0.00
X
0.00

Table 16: Water quality data for April, May, June and March for the Wervershoof WWTP
effluent, including averages and standard deviation
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5.3 Non-Spiked Ozone Experiments
5.3.1 Demineralized Water
This matrix was selected because of the high level of treatment undergone by
demineralized water, resulting in a water matrix without any significant ozone demand,
due to lack of organic matter. The ozone demand free demineralized water provides a
baseline with which other water matrices with various ozone uptakes and demands can be
compared to. Four trials in total were completed using demineralized water, in which
measurements for both the gaseous ozone and dissolved ozone concentrations vs.
cumulative ozone gas concentration were made. The volume of ozone gas delivered to
the reaction chamber during the trial while ozonation occurred defines the cumulative
ozone concentration. During the months of March, May and June each of the four trials
was performed with an observed initial ozone gas flow of 60 L/hr and starting
concentrations of ozone gas in the range of 19 - 25g/Nm3. The ozone gas concentration
vs. the cumulative ozone gas volume for the four trials can be seen in Figure 3.
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Figure 3: Ozone gas concentration vs. cumulative ozone gas volume for all demineralized water
trials

In Figure 3, the trial performed on March 27th a significantly lower ozone concentration
caused by a lower power setting on the ozone generator (0.6 Amp) compared to the other
trials (0.7 Amp), resulting in gas concentrations roughly 5 g/Nm3 below those of the other
three plotted trials. For these reasons, this trial was not included in the average created
using the data from the June and May trials (Figure 4).
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Figure 4: Ozone gas concentrations vs cumulative ozone gas volume for demineralized water,
with average

Using the ozone gas concentration data from three trials from May and June, an average
was calculated and plotted against the experimental data from each trial. This average
provides a metric for determining the data set to use in this research. In Figure 4, where
the average of the demineralized water trials is plotted against the three trials, it can be
observed that the trial performed on June 14th resembles the average plot the closest.
Additionally, Figure 5 shows the cumulative volume of ozone gas produced over time for
each trial, with the associated linear trend line. The slope of the trend line for each trial
yields the ozone gas flow in liters per minute, allowing for a determination of the flow of
ozone gas in each experiment and comparison to the target flow rate of 1 L/min. The gas
flows seen for the demineralized trials range from 0.96 – 1.1 L/min. This figure provides
an additional aspect of the demineralized trials for comparison to the representative
average and for determination of the overall ozone gas flow of each trial. Based upon
Figure 4 and Figure 5 it was determined that the trial on June 14th is the most
representative trial for demineralized water out of those performed in this experiment
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(Figure 6). The varying ozone gas flows of 0.96 – 1.1L/min measured in the five
demineralized trials can be attributed to changes in the output of ozone gas from the
generator and slight variation in operating conditions. This variation in part is due to
issues with the Ritter gas flow meter in accurately measuring the ozone gas flow to the
reactor, further described in appendix III. Improper functioning of the gas flow meter
resulting in inaccurate flow measurements at times, this was compounded by intermittent
fluctuations in ozone gas produced by the ozone generator.

Figure 5: Cumulative volume of ozone gas over time for each demineralized water trial
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Figure 6: Ozone gas conc. vs, cumulative ozone volume, demineralized water June 14th trial

Figure 7: Ozone gas conc. vs cumulative ozone volume: demineralized water, modified June 14th
trial

Based on the ozone gas concentration versus cumulative ozone volume graph,
plotted in Figure 6, an ozone uptake of 21.8mg in 10 minutes was calculated, or the
equivalent of 12L of accumulated O3 gas volume. This ozone uptake is shown as the
observable drop in ozone gas concentration from the period of 0 – 7L of accumulated
ozone gas volume. However, the uptake calculated in the initial 12L of ozone gas
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accumulation during the trial is not completely representative of the true ozone uptake of
the demineralized water matrix. The ozone gas concentration likely reaches equilibrium
once 5L of O3 gas volume has accumulated, or the equivalent of 5 minutes. To account
for this a more accurate value is shown by the ozone uptake in the initial 5L of ozone gas
accumulation during the trial. Additionally, after this initial period, due to the lack of
ozone demand in demineralized water, the ozone gas concentration is expected to return
to the initial gas concentration of 25g/Nm3, as the system has reached equilibrium. This
justification resulted in a modified plot representing the true estimated ozone uptake for
demineralized water (Figure 7). This uptake was calculated to be 15.7mg of ozone.
Demineralized water is used in this research as a low ozone uptake and ozone demand
reference for the other water types tested, such as IX treated wastewater and tap water.
The dissolved ozone concentration at equilibrium was determined and plotted
against the measured data during the trial (Figure 8). This equilibrium concentration was
calculated by dividing the ozone uptake (15.7mg) during the trial by the reactor volume
(2.6L), resulting in an equilibrium ozone concentration of 6.0mg/l.
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Figure 8: Ozone concentration vs. cumulative ozone volume, June 14th demi water trial,
comparison of measured and equilibrium values

The 6mg/l ozone concentration, based upon the ozone uptake seen in the demineralized
water gas curve, represents the dissolved ozone concentration in water at equilibrium,
without ozone demand present. This experiment exhibits a water matrix without an ozone
demand, allowing for a comparison to be made to other matrices used with an ozone
demand.
In Figure 8, the plot of the measured ozone concentration over the cumulative
ozone gas volume exhibits a rapid increase in ozone concentration within the ozone
uptake. After this initial 5-minute period, the dissolved ozone concentration reaches the
concentration of the calculated equilibrium. The ozone concentration then remains steady
for the rest of the trial. This period is defined by the plateau at which the demineralized
water matrix becomes saturated with ozone gas.
5.3.2 Tap Water
In addition to the demineralized water trials, trials were completed using a water
sample gathered from the tap in the laboratory at IHE. Compared to demineralized water,
tap water has a higher organic and mineral content, increasing the reactivity of the water
sample with ozone. Due to the lower purity of the tap water, it is expected to have a
higher ozone uptake and demand in comparison to demineralized water. A total of two
trials with tap water were completed, resulting in data generated for gaseous ozone
concentrations vs. the cumulative ozone gas volume. The April 20th trial is deleted
because of the ozone gas flow rate of 84 L/hr. The trial performed on June 9th on average
had a flow rate closer to the target rate of 60 l/hr throughout the trial, with a flow rate of
62 l/hr.
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A plot of the ozone gas concentration vs cumulative ozone volume for tap water
can be seen in Figure 9, where the ozone uptake is observed during the initial drop in gas
concentration. The absence of data points taken between 5 and 10L does not allow for the
most representative ozone uptake to be calculated based upon the available data. This 510L period is equal to that of a duration of 5 – 10 minutes of ozone exposure. In similar
fashion to the demineralized trials, to overcome the absence of data the ozone uptake is
calculated at a time in the 5-10L period where the ozone gas concentration is most likely
to return to the initial value. For tap water, a revised ozone uptake of 19mg was
calculated within the initial 8L of ozone gas accumulation in the experiment, which is
equivalent to a duration of 7 minutes. This adjusted graph is presented in Figure 10. The
ozone uptake calculated for tap water (19mg) shows an increase of 3.3mg from the
demineralized water sample (15.7mg). The difference in the ozone uptake between the
demineralized and tap water samples yields an ozone demand of 3.3mg for the tap water
sample.

Figure 9: Ozone gas concentration vs cumulative ozone volume, tap water June 9th trial, ozone
uptake adjusted for 10L
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Figure 10: Ozone gas concentration vs cumulative ozone volume, tap water June 9th trial, ozone
uptake adjusted for 8L

Dissolved ozone measurements were taken throughout the tap water trials in the
same way as the demineralized trials. A comparison between the calculated equilibrium
from the demineralized trials and measured dissolved ozone concentrations from the tap
water trial shows the relative ozone demand of tap water (Figure 11). The dissolved
ozone concentration measured throughout the trial stabilizes at approximately 4mg/L;
remaining 2mg/L below the ozone equilibrium calculated with demineralized water. The
expected behavior is for the dissolved ozone concentration to increase gradually to the
equilibrium concentration, as the ozone demand of the water matrix is satisfied over time,
until equilibrium is met. In the experimental results, the ozone concentration increases to
a stable concentration of 4mg/L, where it stays for the rest of the trial. The 2mg/L
discrepancy between the measured ozone concentration and that of the equilibrium line
does not reflect what is occurring in the water matrix, which is the ozone concentration
reaching equilibrium.
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Figure 11: Dissolved ozone concentration vs time, tap water June 9th

It is impossible for both the tap water and demineralized water to reach
equilibrium with ozone at different dissolved ozone concentrations. The difference in the
dissolved ozone concentrations at equilibrium cannot be explained by any physical or
chemical reactions with ozone, the water sample and it’s constituents. Rather, the
observed discrepancy between trials can be explained due to problems with the analytical
method and issues with operation of the bench scale equipment (see Appendix III).
At t=0 in the tap water experiment an initial ozone concentration of 2mg/l was
measured (Figure 11). The indigo method performed for this experiment was conducted
by a HWL lab technician as part of a quality assurance test of the indigo method used by
the researcher in previous experiments. However, the blank for this experiment exhibited
an ozone concentration of approximately 2mg/l, equal to that of the initial concentration
at t=0. The blank consisted of a sample taken directly from the tap water source in the
lab, prior to any ozonation of the chamber, which should result in a measurement of
0mg/l of dissolved ozone. Furthermore, the initial ozone concentration is not expected to
have a concentration as high as 2mg/l at t=0, due to the inability of ozone to
instantaneously dissolve into water.
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Additionally, in previous experiments the initial concentration was measured at 0mg/l at
the start of ozonation, and increased gradually as ozone dissolved into the tap water
sample. Therefore it is likely that an error in carrying out the indigo method resulted in
the measurement of 2mg/l of ozone at t=0. See appendix III for more information on
analytical error in this experiment. The ozone concentrations measured at the following
time intervals were of similar magnitude in comparison to previous experiments,
suggesting that the initial ozone measurement at t=0 was possibly the only one taken in
error. The apparent error in the measurement of the blank and sample taken at t=0 is not
an incident that is indicative of larger reaching structural issues with the experimental
design or use of the indigo method. Results from experiments with the other 3 water
matrices used in this research have not yielded similar issues.
The indigo method for measurement of dissolved ozone concentration was
performed in the demineralized water experiment and the tap water trial alike (Figure 11).
The demineralized water ozone uptake over reactor volume is equal to the uptake of
15.7mg of ozone divided by the reactor volume of 2.6L, resulting in the constant ozone
concentration of 6.0mg/L. The ozone uptake of 15.7mg was calculated from a previous
experiment, shown in Figure 7. This 15.7mg ozone uptake occurred during the period
marked by the initial 5L of ozone gas accumulation before equilibrium in the ozone gas
concentration was reached. Similar to the tap water trial, the indigo method was used to
determine the ozone concentration over time. The 6.0mg/l ozone concentration represents
the equilibrium concentration of ozone in the demineralized water, a water matrix with no
measurable ozone demand.
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It is expected that as the ozone demand is met through initial ozone uptake by
organic matter and minerals in the tap water matrix, that equilibrium between the ozone
gas and tap water would gradually be met. This would be shown by an increase of the
dissolved ozone concentration over time, eventually reaching the 6.0mg/l equilibrium
concentration of demineralized water, a matrix without ozone demand. Nonetheless, this
is not what is observed with the experiment shown in Figure 11. In the tap water
experiment, the dissolved ozone concentration increases as the ozone demand decreases
and plateaus at a concentration of 4mg/l, a full 2 mg/l below the calculated ozone
equilibrium of 6mg/l. A demand of this magnitude (2mg/l) typically indicates that some
characteristic of the water matrix is resulting in continuous consumption of the dissolved
ozone gas. It is not possible for this continuous ozone demand, which would equal an
uptake of 80mg/l over the 10-50 minute period, to be sustained for the 40 minute period
seen in Figure 11 with a water matrix that has a relatively overall low ozone demand,
such as tap water. A continuous demand such as this would be logical only if a steady
ozone demand were present in the reactor chamber. This should not be the case as a
single 2.6L volume of tap water is introduced at the start, and is not replaced during the
experiment, removing the possibility of a continuous ozone demand being fed into the
reactor chamber. If the tap water sample was not consistently consuming the dissolved
ozone, the concentration of ozone in the water should rise to equilibrium.
In comparison between the demineralized and tap water trials, it is presumed that
the ozone demand of the demineralized water should be insignificant, and the demand of
the tap water is expected to be far less than what is shown. Conventional knowledge
dictates that the ozone uptake and demand of the demineralized water matrix is less than
that of the tap water matrix, a fact that is corroborated by the results of these experiments.
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This is primarily due to the higher level of treatment undergone by the demineralized
water, resulting in removal of organic matter and other compounds that would create an
ozone demand. This is compared to tap water, which has undergone traditional drinking
water treatment, and may contain both organics and minerals, resulting in an ozone
demand. Analysis of the ozone gas curve for demineralized water yields an ozone uptake
of 15.7mg of ozone over 5L of ozone gas accumulation. The same analysis of the tap
water trial yielded an ozone uptake of 19mg over 7L of ozone gas accumulation. The
higher uptake observed with tap water confirms the accepted theory that ozone uptake
increases with water matrices that have undergone less treatment. The dissolved ozone
concentration data of the demineralized water showed less of an ozone demand in
comparison to the tap water trial, which had a significant ozone demand.
5.3.3 Ion Exchange Trials
Secondary treated wastewater was further treated through the use of ion exchange
resin. A 100L volume of wastewater was treated for 20 minutes in a mixing tank with 2L
of anionic exchange resin. Ion exchange resin is primarily used for the removal of natural
organic matter, a significant ozone scavenger that increases ozone demand.
In the non-spiked ion exchange trials, and following wastewater trials, three
ozone dosages, consisting of a low, medium and high dose were calculated. These three
doses were determined through analysis of the ozone gas concentration vs ozone gas
volume data in previous experiments involving IX water samples. A representative
average of all the trials was chosen for the calculation of ozone dosages applied in the
following micropollutant trials with IX samples. Three trials with initial ozone gas flows
of 60 l/hr were used to create this average (Figure 12). Further analysis of the data from
each trial revealed that the flow of ozone gas to the reactor did not remain at the initial
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measured flow of 60 l/hr. The ion exchange trials showed a higher, fluctuating gas flow
rate in comparison to the other trials. This can be seen in the cumulative gas flow vs time
in Figure 13, where the plotted trend lines show a ozone gas flow of 1.1 – 1.4 L/min of
ozone gas, compared to the 0.96 – 1.1 L/min ozone gas flow seen in the demineralized
water matrix trials. This change in gas flow is compensated for in an adjustment made in
the calculated ozone uptake for the average trial used to determine the ozone dosages.

Figure 12: O3 gas concentration vs cumulative ozone gas volume for three similar IX trials
plotted against an average of those three trials, ozone gas flow 78 l/hr
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Figure 13: Cumulative ozone gas flow vs time, IX trials

Figure 14 shows the representative average plot of the ozone gas concentration vs
cumulative ozone gas volume calculated from the three trials, two of which were
completed on April 18th and one trial on March 29th. To determine the three dosages, the
ozone uptake, seen in the period from 0 to 14L in Figure 14, was split into low, medium
and high dosages for use in the non-spiked and spiked experiments. During this period,
the ozone uptake equaled 40.3mg of ozone, a significant increase from the uptake seen in
the demineralized and tap water samples. This increase is expected due to the higher level
of treatment for dissolved solids and organic matter the previous two sample waters have
undergone, compared to the relatively low level of treatment of the IX treated secondary
wastewater sample.
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Figure 14: Ozone gas concentration vs. time for IX treated wastewater, average gas curve used
for ozone dose determination, ozone gas flow 78 L/hr

With the use of Figure 14 and subsequent calculations, three ozone dosages were
determined from the ozone uptake (Table 17). The calculated ozone uptake of 40.3mg
was split into three ozone dosages, a low dose of 5.2mg/l, a high dose of 10.3mg/l and
high dose of 15.5mg/l.

Low Dose
Medium Dose
High Dose

Ozone Uptake
(mg of ozone)
13.4
26.9
40.3

Exposure Time
(mins)
1.5
4
13

Ozone Dose
(mg/l)
5.2
10.3
15.5

Table 17: Calculated ozone dosages for the IX samples in the NS trials

Three trials were completed with non-spiked IX treated secondary wastewater matrix
using the doses and exposure times described in Table 17. The purpose of these trials was
to determine the practical settings for the experimental conditions of the OMP spiked
experiments. The ozone gas flow was measured initially as 60l/hr for each individual
trial, however the average flow varied from 60 – 90l/hr across the three trials performed.
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The variation is gas flow observed in the three low, medium and high ozone
dosage trials was due to variation in the measurement of the ozone gas flow, further
explained in appendix III. Across all experiments in this research, a target ozone gas flow
to the reactor was set at 60l/hr in order to achieve equal conditions between trials. In each
experimental trial, an initial ozone gas flow from the generator was manually set to 60l/hr
and measured prior to ozonation of the reactor chamber. Throughout the three IX trials
measurements of the ozone gas flow into the reactor chamber indicated variations in the
flow of ozone gas generated and delivered to the water sample. This variation was
accounted for in the calculated ozone dosages for each of the trials by calculating a
corrective ‘flow adjustment factor’. This factor is a ratio of the average ozone gas flow
for each experiment, to the target flow of 60l/hr. The use of this factor is necessary as the
ozone dosage delivered is calculated as a function of flow, and if the flow deviates from
the 60l/hr rate, it must be accounted for. In the low dose trial for IX, the average ozone
gas flow rate was 69l/hr, the flow adjustment factor for this trial is 1.15. This factor is
multiplied by the ozone uptake during the period the reactor chamber is ozonated in order
to better reflect the ozone dosage received by the water sample in the trial. This was
performed for each of the following trials when the average ozone gas flow deviated
significantly from the target ozone gas flow of 60l/hr.
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Figure 15: Diss. ozone conc. vs. time, IX, low dose of 5.2mg, exposure time 1.5min, O3 flow rate
69 l/hr

Figure 16: Diss. ozone conc. vs. time, IX, medium dose of 10.3mg, exposure time 4min, O3 flow
rate 90 l/hr
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Figure 17: Diss. ozone conc. vs. time, IX, medium dose of 15.5mg, exposure time 13min, O3 flow
rate 79 l/hr

Figures 18, 19 and 20 show the dissolved ozone concentrations over time for the
low, medium and high ozone dosages, respectively. As the ozone dose applied increases,
so does the residual ozone concentration following the end of ozonation of the water
matrix. This ozone residual lasts for the shortest amount of time in the low dose (2
minutes), lasts for 10 minutes with the medium dose, and the largest ozone residual time
is measured in the high dose (20 minutes).

5.3.4 Secondary Wastewater Trials
The final water type used in the micropollutant ozonation trials was secondary
wastewater, which had not undergone additional treatment. This secondary wastewater
was taken from the same sample batch that supplied the wastewater used in the IX treated
sample trials.
In accordance with the same procedure described with the IX trials, three ozone
dosages and exposure times were determined through the use of an average plot of the
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gas concentration vs. cumulative ozone gas volume. Three trials spanning March and
April, performed with the same operating conditions, were used to create a representative
average (Figure 18). The comparison of the gas curves from the wastewater trials with
wastewater brings to light lack of consistency observed with the operation and
performance of the IHE ozone bench scale equipment. Variability in the IHE bench scale
system is additionally seen in the diverse ozone gas flows observed between the demi,
tap, IX and WW matrices. The ozone gas flow was seen to fluctuate from 0.8 L/min in
the wastewater trials to 1.4 L/min in the IX trials during trials that were performed with
similar operating conditions. Overall, this reduces the reproducibility of the trials
involving not just the untreated secondary wastewater matrix discussed here, but the
other trials as well.
Variability between trials resulted in a difference in gas concentrations, as seen by
the lack of a cohesive trend in Figure 18. While the shape of the plotted data for each trial
is similar, the ozone gas concentration is observed to be variable between trials.
Additionally, in similar fashion to the previous trials with demi and IX matrices, the
cumulative flow of ozone gas vs. time was plotted for each trial, allowing for the gas flow
for each trial to be examined (Figure 19). This plot shows that the ozone gas flow for the
wastewater trials were in the range of 0.8 – 1.1 L/min, this is in line with the 0.96 – 1.1
L/min flow in the demineralized water matrix trials. The initial ozone gas concentration
in each of the three trials ranged from 20 – 23 g/Nm3. Following the ozonation of the
water sample, and end of experiment, the ozone gas concentration returned to a
concentration approximate to that of the initial concentration seen at the start of the
experiment.
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Figure 18: Ozone gas concentration vs cumulative ozone gas volume for three wastewater trials
plotted against average of the three trials, ozone gas flow 60L/hr

Figure 19: Cumulative ozone gas flow vs time, IX trials
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Figure 20:Ozone gas concentration vs. cumulative ozone gas volume for secondary wastewater,
gas curve used for ozone dose determination, ozone gas flow 69 L/hr, average of WW trials

Results were compiled from the three wastewater trials completed in April and March to
create an average ozone gas concentration vs. cumulative ozone gas volume plot (Figure
20). This average plot was calculated in order to create a better representation of the
interaction of ozone gas with the wastewater sample over the cumulative ozone gas
volume. The dosages and exposure times calculated from Figure 20, and used in the
subsequent non-spiked and spiked secondary wastewater trials are shown in Table 18.
Similarly to the IX trials, the ozone gas flow fed to the reactor chamber deviated from the
set target flow of 60 L/hr with a measured average flow of 69 L/hr across the three trials
used in Figure 20. To account for the fluctuating flow, the previously described ‘flow
adjustment factor’ was used to correct the total ozone uptake in the first 20 minutes of the
trial, represented by the equivalent volume of 22L of O3 gas (Table 18).
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Low Dose
Medium Dose
High Dose

Ozone Uptake
(mg)
23.8
47.7
71.5

Exposure Time
(min)
4.2
9
20

Ozone Dose
(mg O3/l)
9.2
18.3
27.5

Table 18: Calculated ozone dosages from figure 24 for the WW samples in the non-spiked trials

Analysis of the plotted average curve (Figure 20) yielded a total ozone uptake of 71.5mg
over the course of a 20 minute period of ozone exposure, with a total volume of 22L O3
gas accumulated. The average curve is a calculated composite of the average ozone gas
concentration vs ozone gas volume data from three wastewater experiments in April and
March. This is compared to the ozone uptake of 15.7mg with the demineralized water
matrix; a 19mg uptake with tap water and a 40mg uptake with IX treated secondary
wastewater. The ozone uptake in the secondary wastewater sample is the highest out of
all the water types used in this experiment. The larger uptake is a result of the higher
concentration of organic matter at ozone scavengers present in the wastewater effluent.
Unlike the IX trials that were all completed on a single day, during the wastewater
trials a small mechanical issue arose, causing the trials taking place over the course of
two days. This resulted in the rise of slight variation in operating conditions of the bench
scale system, yielding differences between non-spiked and spiked trials. Ozone decay
curves from the non-spiked trials are shown in figures (27, 28, 29). The ozone gas flow
was measured initially as 60l/hr for each individual trial. The gas curves show that as the
applied ozone dose increases, so dose the ozone uptake of the wastewater matrix. This is
further reflected in the dissolved ozone concentration plots.
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Figure 21: Non-spiked trial; ozone gas conc. vs. time, WW, low dose 8.3mg, exp. time 4.2min,
gas flow 74 l/hr

Figure 22: Non-spiked trial; ozone gas conc. vs. time, WW, medium dose 16.7mg, exp. time
9min, gas flow 87 l/hr
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Figure 23: Non-spiked trial; ozone gas conc. vs. time, WW, high dose 25.0mg, exp. time 20min,
gas flow 72 l/hr

The water phase of the non-spiked ozone trials with the secondary wastewater
matrix exhibited expected behavior in accordance with the applied ozone dosage. The
low ozone dose resulted in the smallest peak ozone concentration, with a negligible ozone
residual following the end of ozonation. The medium ozone dose showed a higher peak
ozone concentration, with small ozone residual. The high ozone dose exhibited the largest
peak ozone concentration and resulted in an ozone residual that remained for 30 minutes
following the end of ozonation.
The completion of the non-spiked experiments for each of the four water matrices
used in this research allows for a comparison of the ozone uptakes and demands to be
made (Table 19).
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Water Matrix
Demineralized Water
Tap Water
IX
Wastewater

Ozone Uptake
(mg)
15.7
19.0
40.3
71.5

Ozone Demand
(mg)
0
3.3
24.6
55.8

Table 19: Comparison of ozone uptake and demand for all water matrices

In Table 19, it can be seen that as the ozone demand of increases from the demineralized
water to wastewater matrices, as does the ozone uptake. This ozone demand increases
greatly as the degree of treatment each water matrix was subjected to decreases. The low
ozone uptake and demand of the demineralized water is due to the absence of organic
compounds, metals and other water constituents present that react with ozone. In contrast
the wastewater sample, which has a much larger amount of organic and inorganic
material and other ozone reactive compounds, has a much higher ozone uptake and
demand.
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5.4 Spiked Ozone Experiments
5.4.1 Ion Exchange Matrix
Following the non-spiked trials, samples of the IX treated secondary wastewater
that had been previously spiked with the six chosen OMPs were used. Three trials were
performed with the spiked IX matrix, in similar fashion to the non-spiked trials, with
three ozone dosages and resulting exposure times. The high, medium and low ozone
dosages used in this trial were derived from the average gas phase curve (Table 18); these
dosages were also applied in the non-spiked trials.
During the trials performed with ion exchange pretreated secondary wastewater,
gaseous and dissolved ozone concentrations were measured and figures were plotted in
similar accordance with the non-spiked trials. Through a comparison of the spiked and
non-spiked gas curves (Figure 24, Figure 25, Figure 26) it can be seen that the starting
conditions of the experiments were similar, due to the lack of major variation. Minor
differences between experiments were likely due to small instabilities in the ozone gas
production and delivered ozone dose. A comparison of the non-spiked and spiked trials
does not reflect fundamental differences in ozone uptake or demand due to the presence
of the OMPs in the water matrix.
The experiments for the OMP spiked trials were carried out using the same
bench-scale ozonation equipment as the previous non-OMP spiked trials conducted. This
resulted in the same variation of ozone gas flow from the ozone generator to the reaction
chamber. Due to this varying flow, the ozone flow deviated from the target flow of 60l/hr
during the course of each experiment, affecting the overall ozone uptake. This varied gas
flow is most likely a main factor in the difference in ozone uptake between the nonspiked and spiked trials, seen in the marginal difference in plotted data Figure 24, Figure
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25, Figure 26. In each case with the spiked trials, the ozone gas flow was higher than that
of its non-spiked counterpart. Therefore it can reasonably be stated that the differences in
ozone uptake is not due to the presence of the OMPs, but rather a fluctuating flow of
ozone gas during and between experiments.

Figure 24: Low ozone dose, spiked and non-spiked samples, ozone gas concentration vs cumulative ozone
gas volume

Figure 25: Medium ozone dose, spiked and non-spiked samples, ozone gas concentration vs
cumulative ozone gas volume
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Figure 26: High ozone dose, spiked and non-spiked samples, ozone gas concentration vs
cumulative ozone gas volume

Overall, the non-spiked and spike gas curves for IX treated secondary wastewater show a
great deal of similarity between trials. In Figure 24, Figure 25, Figure 26 the strong
correlation between both trials can be seen through the tight fit of the plotted ozone gas
concentration versus cumulative ozone gas volume data. These graphs provide evidence
that a fair comparison between the data yielded from the non-spiked trials can be related
to the results of the spiked IX trials.
Furthermore, a comparison of the non-spiked ozone decay curves with those
generated during the spiking experiments can be made. From this comparison it can be
determined if the results from the non-spiked trials are appropriate for use with the spiked
experiments. For both non-spiked and spiked samples, the dissolved ozone concentration
versus time was plotted for each ozone dosage, and included on a single graph (figures 33
and 34). A comparison between both non-spiked and spiked ozone decay curves shows
that both graphs exhibit similar trends. Due to the related experimental conditions of both
trials, it is anticipated that the spiked and non-spiked trials are alike. The one difference

95

between the two sets of decay curves being that the non-spiked trials reached slightly
higher concentrations than that of the spiked trials. From this comparison the conclusion
can be made that the organic micropollutants used in the spiking experiments did not
result in a significant increase in the ozone demand of the water matrix, due to the lack of
discernable different between Figure 273 and Figure 34. The ozone demand therefore can
be attributed to the water quality characteristics innate to the water matrix itself, and is
not due to the presence of the spiked OMPs. This results in the justification that due to a
lack of change in ozone demand between the non-spiked and spiked trials, the same
ozone dosing regime is valid in both experiments.
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Figures 33 (left) and 34 (right): Ozone concentration vs. time for high, medium and low ozone dosage trials, ozone gas flow 60L/hr

Figure 27 - Non-spiked IX treated wastewater
Figure 28- Spiked IX treated wastewater

5.4.2 Secondary Wastewater
In the gas phase, the relative similarity of the non-spiked and spiked curves for
wastewater, shown in Figure 29, Figure 30 and Figure 31, can be seen. The lack of major
deviations from each non-spiked and spiked trial provides evidence that a fair comparison
between the data yielded from the non-spiked trials can be related to the results of the
spiked wastewater trials. Differences seen in the concentration of ozone gas over
cumulative ozone gas volume between the non-spiked and spiked trials of the secondary
wastewater samples are not pervasive throughout the trials. The variation between
experiments that can be seen is most apparent in figures 35 and 36, which show data for
the low and medium dose trials.
A comparison of the ozone uptake in the non-spiked and spiked trials for
wastewater in Figure 29 shows a slightly higher uptake than that yielded from the IX
non-spiked and spiked trials. Small differences can be observed with the low dosages of
both IX and WW trials, with the IX trials resulting in less ozone uptake compared to that
seen in the WW trials. Observable differences are also seen in the medium and high
dosages for between the IX and WW trials. These differences are not due to variability in
the operation of the bench scale equipment, or due to error in calculation. The higher
ozone uptake in the wastewater matrix is a result of the higher amount of organic matter
in the matrix compared to the ion exchange treated matrix. This organic matter, such as
NOM, creates a larger ozone demand within the matrix, resulting in a net increased ozone
uptake compared to the IX treated matrix.
It is also of note that the ozone uptakes in the spiked wastewater trials are
substantially lower than those of the non-spiked wastewater trials. This is a reversal in
behavior in comparison to the ion exchange trials, where the spiked trials had higher
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ozone uptakes than the non-spiked trials. Further analysis of each of the wastewater trials
reveals that the average ozone gas flow was consistently higher in each of the non-spiked
trials compared to those of the spiked trials. The spiked trials yielded average ozone gas
flows ranging from 70, 67 and 69 l/hr for the high, medium and low trials respectively.
The non-spiked trials yielded average gas flows of 74, 82 and 72 l/hr for the high,
medium and low trials respectively. The variation of gas flow throughout the trials is
most likely the main factor in the observed differences in ozone uptake between the
spiked and non-spiked experiments. Overall given the number of data points and
previously reported experimental challenges, the minor differences between non-spiked
and spiked trials do not represent a major source of error, and does not prevent the
comparison of the two trials.

Figure 29: Spiked and non-spiked wastewater samples exposed to the low ozone dosage. Nonspiked avg ozone gas flow 72l/hr, Spiked avg ozone gas flow 69l/hr.
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Figure 30: Spiked and non-spiked wastewater samples exposed to the medium ozone dosage.
Non-spiked avg ozone gas flow 82l/hr, Spiked avg ozone gas flow 67 l/hr.

Figure 31: Spiked and non-spiked wastewater samples exposed to the high ozone dosage. Nonspiked avg ozone gas flow 75 l/hr, Spiked avg ozone gas flow 68 l/hr.

Furthermore, the same comparison of non-spiked and spiked ozone water phase
curves achieved with the IX matrix can be performed for the secondary wastewater
matrix. Figure 32 and Figure 33 display the ozone decay in the non-spiked and spiked
trials for the wastewater matrix, respectively. In comparing the spiked and non-spiked
curves, the decay seen in the non-spiked trial for the high ozone dose occurs over a
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longer period of time than that of the spiked decay. The non-spiked trial exhibits a
decreasing dissolved ozone concentration over the course of 48 minutes before the ozone
concentration reaches 0mg/l. In contrast, the spiked sample shows rapid decay within 10
minutes of the end of ozonation. This rapid decay is not observed to the same effect with
the medium and low dosages in the spiked wastewater trial. Moreover, the high and low
dose trials of the spiked trials reached a smaller maximum ozone concentration than that
of their non-spiked trial counterparts. This was not true for the medium dose, where the
maximum concentration of the spiked sample was higher than that of the non-spiked
sample. The relationship between the spiked and non-spiked trials does not appear to be
as consistent as that of the IX treated sample results discussed previously. However, in
general the differences between the two curves are not excessive and most likely due to
the trials occurring on separate days, resulting in the observed variations. In sum, it is
concluded that through the comparison of the two graphs, the presence of the OMPs does
not create a significant ozone demand, and the non-spiked results can be used for the
spiking trials.
The higher ozone uptakes seen with the secondary wastewater trials compared to
that of the ion exchange pretreated wastewater, signifies the difference in interaction of
ozone with each water matrix. The IX pretreatment results in the removal of compounds
in the water that cause significant ozone consumption, such as NOM, DOC, LMW
organics, and other organic compounds. These compounds remain in the secondary
wastewater matrix and consume a higher amount of ozone, yielding a higher uptake in
contrast to the lower uptake for the IX trials.
A further look at the ozone gas concentration data for the non-spiked and spiked
trials shows the inconsistency of the ozone flow meter to measure the ozone flow
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accurately between experiments (figures 35, 36, 37). In these trials, neither the nonspiked or spiked gas concentration vs cumulative ozone gas volume data shows a
consistent trend where one is higher than the other. This may signify that the differences
seen are due to variability in the experimental conditions and equipment, and are not a
result of the presence of spiked OMPs in the water matrix. Additionally, the differences
in the dissolved ozone versus time graphs (Figure 32 and Figure 33) for both non-spiked
and spiked trials are most likely due to slight fluctuations in the delivered ozone flow.
The spiked trial exhibited a lower ozone gas flow of 68 l/hr compared to the 78 l/hr flow
of the non-spiked trial. The probable result of this difference in ozone gas flow is the
approximate 0.50mg/l discrepancy between the high, medium and low dosage curves of
the non-spiked and spiked curves. In the absence of a significant difference between the
non-spiked and spiked ozone gas concentration and dissolved ozone curves, it can be
suggested that the data, and conclusions based upon the data, from the non-spiked curves
can be used for that of the OMP spiked results.
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Figures 38 (left) and 39 (right): Ozone concentration vs. time for high, medium and low ozone dosage trials, ozone gas flow 60L/hr

Figure 32- Non-spiked secondary wastewater effluent, avg ozone gas flow 78 l/hr
Figure 33 - Spiked secondary wastewater effluent, avg ozone gas flow 68 l/hr

5.5 Micropollutant Degradation
The six organic micropollutants used to spike the IX and secondary wastewater
matrices were; carbamazepine, diclofenac, caffeine, ibuprofen, iopromide and TCPP.
These six OMPs were chosen for use in this research effort in part due to their individual
reactivity with molecular ozone (Table 7). The chemical structure of each compound
contributes to the susceptibility of ozone to react and degrade the compound, ultimately
resulting in the degree of removal observed in the application of the three ozone-dosing
regimes. For example, this can be seen in the results in Table 20 with compounds
carbamazepine and diclofenac. These two compounds exhibit aggressive reaction rates
with ozone, resulting in concentrations below the level of detection, showing that their
high reaction rates with ozone results in a high susceptibility to ozone degradation.
Following ozonation of both water matrices under the previously described ozone regime
samples of the ozone treated water matrices were taken and sent for lab analysis to
determine the final OMP concentrations. For both water matrices the initial OMP
concentrations and those resulting after exposure to the low, medium and high ozone
dosage are shown in tables 20, 21 and 22 respectively.
Compound
Carbamazepine
Diclofenac
Caffeine
Ibuprofen
Iopromide
TCPP

Initial Concentration
(µg/l)
5
4
1
32
15
20

Conc. IX Effluent
(µg/l)
<0.005
<0.004
<0.015
0.3
6.1
21

Conc. Secondary
WW Effluent (µg/l)
<0.005
<0.004
<0.015
6.7
10
23

Table 20: OMP concentrations for the low ozone dose, IX and secondary wastewater
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Compound
Carbamazepine
Diclofenac
Caffeine
Ibuprofen
Iopromide
TCPP

Initial Concentration
(µg/l)
5
4
1
32
15
20

Conc. IX Effluent
(µg/l)
<0.005
<0.004
<0.015
<0.032
1.1
16

Conc. Secondary
WW Effluent (µg/l)
<0.005
<0.004
<0.015
0.4
2.8
19

Table 21: OMP concentrations for the medium ozone dose, IX and secondary wastewater

Compound
Carbamazepine
Diclofenac
Caffeine
Ibuprofen
Iopromide
TCPP

Initial Concentration
(µg/l)
5
4
1
32
15
20

Conc. IX Effluent
(µg/l)
<0.005
<0.004
<0.015
<0.032
<0.002
11

Conc. Secondary
WW Effluent (µg/l)
<0.005
<0.004
<0.015
<0.032
0.02
11

Table 22: OMP concentrations for the high ozone dose, IX and secondary wastewater

In addition to the analysis of the spiked micropollutants, both water matrices were tested
for bromate and bromide concentrations (Table 23). A significant concern regarding the
use of ozone for water treatment is the formation of bromate from bromide. Initial
concentrations of bromide were determined to be 350µg/l for the secondary wastewater
matrix and 250µg/l for the IX water matrix. The subsequent bromate formed during each
of the three ozone dosages for both water matrices is shown in Table 23.
Ozone Dose

Initial Bromate Conc.
(µg/l)

IX Effluent Bromate
Conc. (µg/l)

Low
Medium
High

<2.5
<2.5
<2.5

7
48
210

WW Effluent
Bromate Conc.
(µg/l)
15
94
240

Table 23: Effluent bromate concentrations for low, medium and high ozone dosages

The results of the spiking experiment show complete removal below the detection
limit of the fast reacting micropollutants carbamazepine and diclofenac with the low
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ozone dosage for both IX and secondary water matrices. Additionally, caffeine, an OMP
with a medium reaction rate with ozone, was removed below the detection limit for both
water types. Substantial reduction in the concentration of ibuprofen was observed in both
matrices, with greater removal seen with the IX matrix. Ibuprofen was removed to a
smaller degree and TCPP was unaffected by the low ozone dosage. The medium ozone
dose resulted in removal below the detection limit of carbamazepine, diclofenac, and
caffeine. Furthermore, ibuprofen was degraded further than observed with the low ozone
dose, exhibiting complete removal with the IX water matrix and near complete removal
in secondary wastewater. Iopromide showed further reduction and TCPP was degraded
slightly with the medium dose in both water matrices. The highest ozone dose resulted in
removal of every compound below the detection limit in both water matrices with the
exception of iopromide in wastewater and TCPP in both matrices. The remaining
concentration of iopromide in wastewater was close to zero, and the TCPP concentrations
were reduced from their initial concentrations by half.
The initial bromide concentration in the secondary wastewater was reduced by the
pretreatment with IX, resulting in lower concentrations of bromate formed during
ozonation. The low ozone dose yielded the smallest amount of bromate formation for
both water types, and the high ozone dose resulted in the largest amount of bromate
formation. It is probable that the largest formation of bromate in both water types is
correlated with the ozone residual present in the high ozone dose trials. The medium and
low ozone dose trials resulted a smaller or negligible ozone residual, resulting in less
bromate formation. The presence of residual ozone in the water matrix allows for the
continual reaction of ozone and OH radicals with bromide, producing larger
concentrations of bromate. This is seen with the significant difference in bromate
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formation between the medium and high ozone doses in Table 23. Overall the bromate
formation observed is extremely high and exceeds drinking water regulations.
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5.6 Micropollutant Removal; Non-spiked Compounds
Analysis and measurement of the effluent samples taken from the Wervershoof
wastewater treatment plant yielded numerous OMPs beyond the six chosen for study
using the IHE bench scale equipment. Through analysis of the initial concentration, and
the concentration following ozonation at each ozone dose, the removal of the OMPs can
be determined (Table 24, Table 25,Table 26).
Compound
Influent Conc. (ng/l)
atenolol
220
bisoprolol
350
carbamazepine
5700
metoprolol
1400
sulfamethoxasol
210
primidon
22
oxazepam
520
temazepam
360
Fenazon
1
diazepam
0.5
bezafibraat
0.9
metformin
1400

Effluent Conc. (ng/l)
0.1
0.3
<5
1.3
<4
<1
45.6
36
<0.2
<0.2
<0.7
1100

Degradation
99.95%
99.9%
>99.9%
99.9%
>98%
>95%
91%
90%
>80%
>60%
>22%
21%

Table 24: OMP removal, IHE WW sample, low dose

Compound
bisoprolol
atenolol
metoprolol
carbamazepine
oxazepam
temazepam
sulfamethoxasol
primidon
Fenazon
diazepam
metformin
bezafibraat

Influent Conc.
(ng/l)
350
220
1400
5700
520
360
210
22
1
0.5
1400
0.9

Effluent Conc.
(ng/l)
0.3
0.1
0.8
<5
0.5
0.4
<4
<1
<0.2
<0.2
580
<0.7

Degradation
99.95%
99.95%
99.9%
>99.9%
99.9%
99.9%
<98%
>95.5%
>80%
>60%
58.6%
>22.2%

Table 25: OMP removal, IHE WW sample, medium dose
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Influent Conc.
Compound
(ng/l)
atenolol
220
metoprolol
1400
bisoprolol
350
carbamazepine
5700
temazepam
360
oxazepam
520
sulfamethoxasol
210
primidon
22
metformin
1400
Fenazon
1
diazepam
0.5
bezafibraat
0.9

Effluent Conc.
(ng/l)
0.1
0.3
<0.2
<5
<0.4
<1
<4
<1
210
<0.2
<0.2
<0.7

Degradation
99.91%
99.98%
>99.9%
>99.9%
>99.9%
>99.8%
>98.1%
>95.5%
85.0%
>80.0%
>60.0%
>22.2%

Table 26: OMP removal, IHE WW sample, high dose
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5.7 Wervershoof Pilot Results
Located at the Wervershoof village wastewater treatment plant was an ozone pilot
system set up to run ozonation experiments on the plant’s secondary wastewater effluent.
The main components of the pilot were an ozone generator, contact chamber, and
ceramic membrane filter. In similar regard to the IHE bench scale system, ozone was
generated at the onsite generator and delivered at a rate of 100 L/hr to the 8L contact
chamber where the ozone would react with a specified volume of secondary wastewater.
A comparison of the influent and effluent concentrations of various micropollutants
and contaminants allows for the efficacy of the pilot systems treatment ability to be
determined. Samples from the pilot effluent and influent were taken on April 20th, 2017,
with a flow of 100L/h and ozone concentration of 1.5 mg/L. The OMP degradation as a
result of the treatment provided by the pilot is shown in table DC. Over 55% of the
measured OMPs were completely degraded or converted from their original compounds.
The majority of the compounds with high degradation are pharmaceuticals and personal
care products, such as carbamazepine, diazepam and lidocaine. Water quality constituents
like dissolved organic carbon, and humic substances resulted in less removal than many
of the organic micropollutants. However, some chemical compounds such as
trifluoroacetic acid, dichloroacetic acid, and the artificial sweetener aspartame increased
in concentration. This increase could be due to formation through degradation products of
other compounds, or small differences due to limited accuracy of the lab analysis within
the µg/L range of measurement.
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Compound

sotalol

bisoprolol

atenolol

Influent

E
ff
l
u
e
n
t

801.6

61.2

10

propranolol

16.2

lidocaine

51.6

benzotriazole

2.506

metoprolol

149.7

acesulfame

3.66

carbamazepine

75.4

R
e
m
o
v
a
l

U
n
it
s

< >
0 9
. 9
1 .
9
9
%
< >
0 9
. 9
2 .
7
%
< >
0 9
. 9
1 %
< >
0 9
. 8
3 %
< >
1 9
8
%
< >
0 9
. 8
0 %
5
0
< >
5 9
7
%
0 9
. 5
1 %
7
< >
5 9
3
%

n
g
/l

n
g
/l

n
g
/l
n
g
/l
n
g
/l
µ
g
/l

n
g
/l
µ
g
/l
n
g
/l
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4-methylbenzotriazol

temazepam
5-methylbenzotriazol

sulfamethoxasol

glyphosphate

0.753

29.5
0.681

42.9

1.413

naproxen

5.1

oxazepam

23.5

imidacloprid

0.064

mecoprop

0.056

carbendazim

0.083

MCPA

0.041

< 9 µ
0 3 g
. % /l
0
5
0
2 9 n
3 g
% /l
< > µ
0 9 g
. 3 /l
0 %
5
0
< > n
4 9 g
2 /l
%
0 9 µ
. 0 g
1 % /l
4
< > n
0 8 g
. 8 /l
6 %
3 8 n
. 7 g
1 % /l
0 8 µ
. 4 g
0 % /l
1
< > µ
0 8 g
. 2 /l
0 %
1
< > µ
0 7 g
. 6 /l
0 %
2
0
< > µ
0 7 g
. 6 /l
0 %
1
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fenazon

0.7

2,4-D

0.028

metformin

348.1

saccharine

0.12

POC

369

diazepam

0.4

triisobutyl phosphate

primidon

0.565

1.9

HOC

1533

bromide

329.2

TOC

12254

DOC

11886

<
0
.
2
<
0
.
0
1
1
4
0
0
.
0
5
1
8
2
<
0
.
2
0
.
2
9
3
<
1

>
7
1
%
>
6
4
%

n
g
/l

6
0
%
5
8
%

n
g
/l
µ
g
/l

5
1
%
>
5
0
%
4
8
%

µ
g
/l
n
g
/l

>
4
7
%
4
7
%
2
0
%

n
g
/l

µ
g
/l

µ
g
/l

8
µ
1
g
6
/l
2
µ
6
g
3
/l
.
3
1 1 µ
0 7 g
2 % /l
0
7
1 1 µ
0 6 g
0 % /l
2
4
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diuron

0.023

< > µ
0 1 g
. 3 /l
0 %
2
0
CDOC
10353 9 1 µ
2 1 g
0 % /l
8
humic substances
5188 4 1 n
6 0 g
8 % /l
1
trichloroacetic acid
0.366 0 - µ
. 1 g
4 5 /l
2 %
1
aspartame
0.02 0 - µ
. 5 g
0 0 /l
3 %
Table 27: Pilot influent and effluent concentrations of OMPs; April 20th, 2017

Complete removal of the majority of compounds was seen in both the IHE bench
scale data and the Wervershoof pilot data. Three compounds were completely degraded
in the IHE bench scale experiments with wastewater, across all three ozone dosages,
including oxapam, sulfamethoxasol and temazepam. In the pilot system, these three
compounds were degraded to a smaller degree, resulting in the following percent
degradation: oxapam 87%, sulfamethoxasol 99%, temazepam 93%. In both the bench
scale and pilot one OMP proved to be resistant to ozonation, metformin. In the pilot
metformin was reduced to 60% of its initial concentration. The bench scale system
resulted in increased degradation as the ozone dosage increased, with 21% removal with
the low dose, 59% removal from the medium dose and 85% removal with the high
dosage.
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Several of the OMPs present and analyzed in the pilot (Table 27) have been measured
in the influent and effluent samples from the IHE ozone experiments. From this
juxtaposition of data, a comparison of the two systems can be made. The results of the
effluent OMP analysis for both the IHE bench scale and pilot system effluent yields
several compounds with a similar degree of ozone degradation that can be compared. The
best comparison is made between the medium ozone dose of the IHE bench scale
experiments with the results of the Wervershoof pilot. This is due to the similarity in
degree of ozone degradation of a dozen select micropollutants, seen in Error! Reference
source not found. and
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Compound
atenolol
bezafibrate
bisoprolol
carbamazepine
diazepam
fenazon
metformin
metoprolol
oxazepam
primidon
sulfamethoxasol
temazepam

Influent Conc. (ng/l)
10
1.2
61.2
75.4
0.4
0.7
348.1
149.7
23.5
1.9
42.9
29.5

Effluent Conc.(ng/l)
<0.1
<0.7
<0.2
<5
<0.2
<0.2
140
<5
3.1
<1
<4
2

Degradation
99.0%
42.0%
99.7%
93.0%
50.0%
71.0%
60.0%
97.0%
87.0%
47.0%
92.0%
93.0%

Table 30
Table 28: IHE bench scale WW, low ozone dose (48mg), OMP degradation results
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Compound
atenolol
bezafibrate
bisoprolol
carbamazepine
diazepam
Fenazon
metformin
metoprolol
oxazepam
primidon
sulfamethoxasol
temazepam

Influent Conc. (ng/l)
220
0.9
350
5700
0.5
1
1400
1400
520
22
210
360

Effluent Conc. (ng/l)
0.1
<0.7
0.3
<5
<0.2
<0.2
580
0.8
0.5
<1
<4
0.4

Degradation
99.9%
22.2%
99.9%
99.9%
60.0%
80.0%
58.6%
99.9%
99.9%
95.5%
98.0%
99.9%

Table 29: IHE bench scale WW, medium ozone dose (48mg), OMP degradation results

Compound
atenolol
bezafibrate
bisoprolol
carbamazepine
diazepam
fenazon
metformin
metoprolol
oxazepam
primidon
sulfamethoxasol
temazepam

Influent Conc. (ng/l)
10
1.2
61.2
75.4
0.4
0.7
348.1
149.7
23.5
1.9
42.9
29.5

Effluent Conc.(ng/l)
<0.1
<0.7
<0.2
<5
<0.2
<0.2
140
<5
3.1
<1
<4
2

Degradation
99.0%
42.0%
99.7%
93.0%
50.0%
71.0%
60.0%
97.0%
87.0%
47.0%
92.0%
93.0%

Table 30: Wervershoof pilot OMP influent and effluent data

A comparison of the degradation of OMPs shown in Table 29 and Table 30 for the IHE
bench scale and Wervershoof pilot, respectively, shows the certain degree of similarity
between treatment ability of the two systems. It can be seen that several OMPs, such as
atenolol, bisoprolol, and metformin, exhibited similar degradation in both systems. Some
differences can be seen in the degradation of a couple compounds like fenazon and
bezafibrate, The higher dose trial with the IHE bench scale (71.5mg of ozone) resulted in
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degradation of fenazon and bezafibrate closer to that seen in the Wervershoof pilot.
However, the majority of compounds share similar degradability in both systems.
In addition to the sampling performed on the WWTP effluent, more frequent
weekly tests were performed at the site of the Wervershoof ozone pilot system, to test the
secondary wastewater influent stream to the pilot. These tests were conducted onsite from
February until June 2017. This data includes measurements of temperature, influent and
effluent flow, influent and effluent nitrate and nitrite concentrations, ozone concentration
and UVT absorbance data (Table 32(a), Table 31(b)).
Furthermore, on April 20th, 2017, the influent and effluent of the pilot system at
the Wervershoof WWTP was analysed for the presence of bromide and bromate. The
treatment of the secondary wastewater via the pilot system resulted in a reduced bromide
concentration of 260ug/l from the influent bromide concentration of 330ug/l. However,
significant bromate formation occurred during ozonation, yielding a concentration over
typical drinking water regulations (Table 31).
Component
Bromide
Bromate

Influent Conc. (ug/l)
330
0.24

Effluent Conc.
260
94.59

Table 31: Influent and effluent bromide and bromate concentrations, Wervershoof pilot 4/20/17

Bromide concentrations measured in the secondary wastewater influent used in
the IHE trials, and the WWTP effluent used in the pilot on April 20th, 2017 are similar.
The IHE bench scale samples had an initial concentration of 350µg/l, compared to the
330µg/l concentration measured in the pilot influent. The treatment that resulted from the
scheme of the pilot facility yielded bromate concentrations of 94.59µg/l in the pilot
effluent, a significant increase from the influent concentration of 0.24µg/l. The bromate
formation of the medium applied ozone dose (12mg/l) in the secondary treatment
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wastewater resulted in a nearly identical bromate formation of 94µg/l, from an initial
bromide concentration of 330µg/l. The dissolved ozone concentration used in the pilot on
the day of the aforementioned analysis was reported to be greater than 1.5mg/l.
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Date

Temp Eff
(C)

Feedflo
w (L/h)

Ozone
Setting
(1-10)

Ozone
Content
(mg/l)

Membra
ne
Effluent
Flow
(L/h)

Time

Temp Inf
(C)

7-Feb

11:21

9.1

10-Feb

10:51

9.1

100

24-Feb

12:12

10

175

8-Mar

10:31

10.6

77

22-Mar

11:24

12

99

5-Apr

15:33

14.5

20-Apr

12:15

14.3

12-May

Ozone in
Feedflo
w (mg/l)

Effluent
Ozone
Conc.
(mg/l)

100
5

3

90

15.1
100

5

1.5/2.1

100

>1.5

0

14:48

100

5

1.5/2

100

1.5

0

12-May

14:58

100

5

1.5/2

100

1/1.5

0

20-May

12:15

17.9

20

100

20-May

14:40

18.3

21.1

100

1.19

0

30-May

13:30

19.3

19.7

160

30-May

14:25

19.3

23

120

1.37

0

1-Jun

1:12

19.4

20.4

200

1-Jun

15:27

20

24.5

110

7

1.44

84

1.55

0

6-Jun

15:11

19.6

22.5

115

8

1.8

81

1.25

0

14-Jun

11:51

20.6

24.1

100

5

1.06

78

1.64

0

2-Jul

11:21

9.1

100
5

0.82

97
102

6

1.51

95
100

Table 32(a): Weekly results measured at the Wervershoof pilot
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Date

Time

7-Feb

11:21

10-Feb

10:51

24-Feb

12:12

8-Mar

10:31

22-Mar

11:24

5-Apr

15:33

20-Apr

12:15

12-May

14:48

12-May

14:58

20-May

12:15

20-May

14:40

30-May

13:30

30-May

14:25

1-Jun

1:12

1-Jun

15:27

6-Jun

15:11

14-Jun

11:51

2-Jul

11:21

Filtered
UVT Inf

Filtered
UVT Eff

Unfiltere
d UVT Inf

Unfiltere
d UVT Eff

Nitrite
Inf

Nitrite
Eff

Nitrate
Inf

Nitrate
Eff

0.025
0,08/98.
2
0,174/67
,0
0,273/53
,3
0.286/51
.7
0.292/51
.0
0,295/50
,8
0.280/52
.5
0.280/52
.5
0,280/52
,4
0,281/52
,3
0,316/48
,3
0,316/48
,3
0,312/48
,8
0,312/48
,8
0,304/49
,6
0,256/55
,5

0,06/98.
6
0,158/69
,4
0,272/53
,4
0.287/51
.7
0.292/51
.0
0,098/79
,8
0.093/80
.7
0.093/80
.7
0,282/52
,2
0,107/78
,1
0,320/47
,9
0,116/76
,5
0,313/48
,7
0,105/78
,5
0,105/78
,6
0,084/82
,4

0,08/98.
2
0,221/60
,1
0,282/52
,2
0.300/50
.1
0.298/50
.4
0,306/49
,5
0.295/50
.7
0.295/50
.7
0,302/49
,8
0,375/41
,9
0,331/46
,6
0,335/46
,3
0,333/46
,5
0,333/46
,5
0,326/47
,3
0,280/52
,5

0.08/98.
2
0,193/64
,1
0,281/52
.4
0.302/49
.9
0.298/50
.4
0,108/77
,9
0.105/78
.5
0.105/78
.5
0,300/51
,1
0,126/74
,8
0,342/45
,5
0,142/72
,2
0,332/46
,5
0,123/75
,4
0,125/75
,0
0,106/78
,3

0.021

0.023

0.255

0.216

0.377

0.372

0.475

0.42

0.105

0.101

0.549

0.089

5.48

6.53

0.634

0.134

4.13

4.99

0.634

0.134

4.13

4.99

0.223

0.224

2.03

2.04

0.275

0.046

2.1

2.74

0.293

0.31

2.4

2.31

0.294

0.04

2.28

3.1

0.25

0.271

2.23

2.21

0.25

0.055

2.23

3.36

0.28

0.052

2.23

3.81

0,231

0,059

3.58

4.91

0.074

Table 31(b): Weekly results measured at the Wervershoof pilot
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Chapter 6
6 Discussion
The objective of this research is to determine the ability of ozonation, with and
without pretreatment with SIX to provide treatment of secondary wastewater effluent in a
water reuse scenario. The specific aim of the research effort is to determine the ability of
this treatment process to remove or significantly degrade an array of micropollutants that
are typically not treated in the conventional wastewater process. This was addressed
through spiking water samples with six organic micropollutants; carbamazepine,
diclofenac, ibuprofen, iopromide, caffeine, and tris(2-chloroethyl) phosphate (TCPP).
The spiked IX and WW matrices were exposed to three ozone regimes and the
degradation of the OMPs was analyzed. Removal of this class of contaminants of rising
concern is vital due to their propensity to accumulate in the water stream if left untreated,
potentially threatening the natural environment and human health.
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6.1 Wastewater Matrix
6.1.1 Wastewater Characterization: Macroparameters
In order to draw meaningful conclusions from the results of the experimentation
with the wastewater sample collected from the Wervershoof WWTP, it is necessary to
determine if the sample was representative of the typical effluent. The water quality data
from the sample used in the IHE bench scale experiments can be compared to historic
water quality parameters of the Wervershoof WWTP effluent to accomplish this. The
sample used in this research, which was a 24-hour sample collected from March 14-15th,
can be compared to the general water quality characteristics of the effluent over time to
determine if it is representative of the effluent water quality as a whole. Over the course
of the 6-month research period, monthly samples of the treatment plant effluent were
collected and sent for lab analysis for several water quality tests. These tests yielded data
for basic water quality parameters such as; BOD5, COD, TKN, NH4, NO2, NO3, Total N,
PO4, and oxygen consumption. In addition to the monthly tests analyzed in the lab,
weekly analysis of the effluent was performed onsite. These weekly tests consisted
mainly of temperature readings, UVT, and nitrite-nitrate tests.
The main purpose of the monthly tests was to determine to what degree the water
quality parameters of the wastewater effluent varied over the 6-month period.
Representativeness was determined by first calculating the mean for each water quality
parameter during each month of the 6-month sampling period, including March. A
comprehensive mean for all available data of the 6-month period was then calculated for
each water quality parameter. Additionally, for the 6-month period set a standard
deviation was calculated for each water quality parameter. The standard deviation allows
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for the degree of variability from the mean to be determined for each of the water quality
parameters during the sampling period, this is of specific interest in the month of March
when the sample for this research was collected.
Several water quality parameters are of notable interest, due to their effect on
providing ozone demand in the wastewater, such as COD, BOD5 and NH4. The month of
March exhibits concentrations of COD, TKN, NH4, NO2, NO3, total nitrogen and total
phosphorus that are within one standard deviation of the average for the 6-month period.
Data within one standard deviation of the 6-month mean shows the data’s low degree of
variability. This lack of variability from the mean exhibits that the water quality data
(COD, TKN, NH4 etc.) from March does not deviate greatly from the 6-month mean, and
therefore is representative of the overall wastewater characteristics.
To further ensure that the sample used during this research is representative, the
500L sample was collected over a 24-hour period using a continuous flow pump. With a
continuously pumped 24-hour sample all daily variations of contaminant and OMP inputs
to the plant are captured in the sample.

Treatment Plant

Wervershoof

Analyte
BOD5
NH4-N
NOX-N
P Total
N Total
PO4 3(mg/l)
COD (mg/l) (mg/l)
(mg/l)
(mg/l)
(mg/l)
(mg/l)
3.6 +/- 0.8 36.5 +/- 3.4 4.4 +/- 1.6 2.1 +/-0.4 0.3 +/- 0.1 8.4 +/- 1.8 0.1 +/- 0.06

Table 33: Wastewater effluent data for the Wervershoof WWTP, 6-month average and standard
deviation

To determine the level of representation the sample taken from March 14-15th has in
regards to the overall Wervershoof effluent, several comparisons can be made. While
limited water quality data exists for the day the sample was taken, parallels can be made
to the day prior to sampling, when water quality analysis of the effluent was performed.
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The day before the 24 hour sample was taken, March 13th, there is available data
for the general water quality characteristics of the secondary effluent at the Wervershoof
WWTP. This data can provide insight to the relative conditions of the wastewater the
following day when the sample was taken. Additionally, there was no precipitation from
March 13th to March 15th, 2017 to affect the results of the sampling. The primary concern
with the presence of precipitation is the dilution of micropollutants and increase of
pollutants found in runoff, resulting in a sample not representative of normal dry weather
conditions of the wastewater effluent. The lack of precipitation during the sampling
period also strengthens the argument that the March 13th sample is representative of the
24hr sample taken the day after, due to the similarity of conditions of the wastewater
effluent. Analysis of the March 13th effluent yielded parameters within a standard
deviation of the 6-month averages, and results that show strong correlation with average
water quality data from the month of March. Measurements of TKN, NH4, NO2, NO3,
NOx, total nitrogen, and PO4 all yielded concentrations within a single standard deviation
of the 6-month average and average data from March. Limited data from the date of the
24 hours sample reduces the number of comparisons that can be made with the overall
effluent wastewater characteristics of the Wervershoof WWTP. However, due to the lack
of variability in water quality parameters from the sample in comparison to the 6-month
average water quality data, the dry conditions during sampling, the 24 hour sample used
in the research is determined to be representative of the typical Wervershoof WWTP
effluent.
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6.1.2 Bromide
In addition to other wastewater characteristics mentioned, the presence of
bromide in the effluent wastewater is of particular concern. This is due to the reaction of
ozone and OH radicals with bromide, which results in brominated byproducts such as
bromate. Bromate is a regulated drinking water contaminant under the USEPA’s 1998
Disinfection By-Product Rule with a maximum contaminant level (MCL) of 10 µg/l
(USEPA, 1998). Bromate is classified as a suspected carcinogen with several human
health hazards, including kidney cancer (Arvai et al., 2012). When bromide is present, it
will be oxidized to form an intermediate hypobromite ion, which is oxidized further to
form bromate. The controlling oxidation species of bromide are O3 and OH radicals (Von
Gunten, 2003). This reaction is significantly impacted by the pH of the water, as higher
pH values will favor a bromate as a product, and lower pH values result in the formation
of brominated organic compounds (Arvai et al., 2012).
In addition to the secondary wastewater effluent used in this research, a volume of
this same sample was treated further with ion exchange resins. The IX treatment process
has the benefit of reducing the amount of bromide in the water, and resulted in a smaller
bromide concentration of 250 µg/l. This amount of bromide however is still of concern,
due to the high concentration and placement above the 50 - 100 µg/l range where DBP
formation will occur. It can be concluded that the secondary wastewater effluent of the
Wervershoof plant exhibited a high bromide concentration in comparison to those found
in literature and typical regulations on the day of sampling in March. Bromide
concentrations of a similar magnitude were measured in the Wervershoof wastewater
effluent in the months of April, May and June, with concentrations of 330, 350 and 330
µg/l respectively. Based upon the available data the 350 µg/l bromide concentration
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measured in the March WW sample used in this research is not high in comparison to
bromide concentrations measured in the 6 month sampling period at the Wervershoof
WWTP. Due to bromide concentrations in the IX pretreated WW and WW samples that
far exceeds the concentration range at which bromate and DBP formation will occur,
there is concern for the formation of bromate and further bromide reduction will be
necessary if the application of ozonation is further pursued with this wastewater.

6.1.3 Spiked Parameters
Dissolved organic carbon (DOC) is a measure of several combined organic
pollutant parameters such as humic substances, natural organic matter, and organic
pollutants. The concentration of DOC is liable to seasonal changes and is typically unique
to the location of the water treatment plant. The majority of DOC substances are not
biodegradable, and are considered an organic pollutant for receiving waters of wastewater
effluent. Dissolved organic carbon has the potential ability to affect the fate and transport
of OMPs in natural waters (Neale, 2011). This interaction may be beneficial by
decreasing bioavailability through sorption to carbon in DOC, or disadvantageous by
increasing OMP mobility by reducing the sorption of OMPs to soils. The sorption of
OMPs to DOC can limit the ability of treatment, such as degradation by hydroxyl
radicals, from reducing the concentrations of OMPs (Neale, 2011). The presence of DOC
in wastewater is of importance when employing a treatment method such as ozonation, as
it can interfere with the treatment of the desired pollutants, such as OMPS. In ozone
treatment, where chemical oxidation is the process by which degradation occurs, DOC
actively competes with the desired reaction of ozone with the target compounds until all
compounds with electron rich sites are oxidized (El-taliawy, 2017). Oxidation via less-
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selective hydroxyl radicals will experience constant competition with DOC during the
entire reaction period. Waters with a high DOC may require increased ozone dosages to
obtain the desired degradation of the target contaminant. The impact of DOC on the
efficiency of ozonation is written as mg O3/mg DOC (El-taliawy, 2017).
The DOC measured in the wastewater sample used in this research yielded
between 10 – 11 mg/l of DOC for the secondary wastewater, and 3 mg/l for the ion
exchange treated wastewater sample. The reduced DOC concentration in the IX treated
wastewater is due to the ability of the ionic resins to remove DOC. The six organic
micropollutant compounds used to spike both the IX treated and wastewater samples in
sum do not exceed a DOC concentration greater than 700 µg/l in total. This DOC
concentration is much lower than that of the DOC concentration in both the IX treated
and secondary wastewater samples. The total DOC concentration contributed to the water
sample by the OMPs in comparison to the total DOC concentration is 0.01% for the
secondary wastewater sample and 0.02% for the IX treated sample. Due to the small
amount of DOC added to the sample by the introduction of OMPs, compared to the total
amount in the sample, the contribution of the spiked OMPs to the total DOC load in each
sample is miniscule. For both the IX treated sample and secondary wastewater sample the
addition of OMPs adds a negligible amount of organic matter to the matrix. The added
DOC concentration from the spiked OMPs is unlikely to have a serious effect on the
potential impact of DOC on the ozone demand of the wastewater matrices.
The lack of impact of the added DOC concentration by the spiked OMPs can
further be seen in the comparison of the dissolved ozone concentration over time for both
water matrices (Figure 31: Spiked and non-spiked wastewater samples exposed to the
high ozone dosage. Non-spiked avg ozone gas flow 75 l/hr, Spiked avg ozone gas flow
128

68 l/hr., Figure 32, Figure 27, Figure 28). These figures, which contrast the dissolved
ozone concentration for the non-spiked and spiked trials with both water matrices, show
that the act of spiking the matrix with the OMPs does not result in any major differences
in ozone uptake between trials. The similar shape of the dissolved ozone curves and the
similar dissolved ozone concentrations in comparison of the non-spiked and spiked help
bolster the conclusion that the DOC concentration attributed to the OMPs does not add a
considerable ozone demand to the water matrix. Furthermore, the juxtaposition of the
non-spiked and spiked ozone gas concentration versus cumulative ozone volume for both
IX and WW matrixes shows the similarity in ozone demand (Figure 24, Figure 25, Figure
26 and Figure 29, Figure 30, Figure 31 respectively). The closely related trends of the
non-spiked and spiked shows that there was not an increase in ozone demand due to the
OMP spike in either matrix. The DOC concentration of the spiked OMPs is therefore
negligible in comparison to the background DOC, and the act of OMP spiking did not
have an observable impact on the ozone demand in either spiked matrix.

6.1.4 Byproducts
The exceptional reactivity of both ozone and hydroxyl radicals with numerous
chemical compounds are a major benefit for removal of contaminants and disinfection,
but also bring the possibility of creation of byproducts. The type and quantity of the
byproducts formed during ozonation is heavily dependent on the wastewater
characteristics and the ozone dosage applied. Ozone and hydroxyl radicals are liable to
react with organic and inorganic compounds in wastewater, resulting in the formation of
chemical intermediates and reaction products.
Generally ozone treatment regimes are designed to degrade and remove the target
contaminant beyond a concentration that could result in a significant human or
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environmental health risk. However, this ozonation and subsequent degradation of the
parent compound can yield other undesirable intermediate and by-product compounds of
concern. The quantity and type of intermediate or byproduct formed is heavily dependent
on the water quality characteristics of the water matrix, including factors such as pH and
organic content (Rosal et al., 2009). Organic content, specifically natural organic matter,
is typically a large contributor of the byproduct formation potential of a wastewater
during ozonation. This is due to the high reactivity of organics with ozone and their
chemical structure, resulting in the formation of byproducts and intermediates. More
specifically, natural organic matter is responsible for a large portion of the by-product
formation potential resulting in the formation of highly biodegradable short-chained
carboxylic acids and aldehydes (Swietlik et al., 2004). Furthermore, the ozone oxidation
of organic micropollutant compounds may result in the formation of intermediates and
byproducts, as complete mineralization via ozonation is not generally economically
feasible. The products formed from ozonation of OMPs are commonly of a more
hydrophilic and polar nature, therefore retaining the risk of transport into human and
environmental receptors (Reungoat et al., 2010). However, the intermediates and byproducts typically exhibit a decreased or nonspecific level of toxicity in comparison to
the target compounds (Reungoat et al., 2010).

6.2 Micropollutant Selection Criteria
For the purposes of this research a total of six organic micropollutants were
chosen to be spiked in the IX treated and secondary wastewater samples to test the OMP
treatment potential of three ozone dosages. The criteria used to select the six OMPs was
based upon the following; which OMPs were present in the Wervershoof effluent,
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reactivity of the OMP with ozone, and ability of HWL to measure and analyze the OMP
at desired concentrations.
The initial step in determination of the OMPs to be used in the spiking
experiments was to conduct an initial inventory of the OMPs in the Wervershoof
treatment plant effluent through sampling. The aim of this sampling effort was to
determine both the OMPs present in the Wervershoof effluent and to establish whether
the types and quantities of OMPs found in the effluent are typical for secondary
wastewater effluent. A 24hr representative sample of the effluent was taken in dry
conditions to accomplish this. In this analysis 70 OMPs were measured in the µg/l – ng/l
range, out of over 250 analyzed. Although the concentrations of the OMPs yielded are
small, these concentrations are commonplace in wastewater and the impact of such
organic pollutants remains significant even at these levels. The OMPs found in the
effluent included a variety of organic pollutants such as pharmaceuticals, pesticides,
psychoactive drugs and endocrine disrupting compounds.
In addition to presence at the Wervershoof plant, another factor chosen in the
micropollutant selection criteria was the reactivity of each OMP’s reactivity with
molecular ozone. Compounds were chosen that represented a range of reactivity to
provide a mechanistic understanding of the interaction of ozone and OH radicals with
organic micropollutants. A compound may have a different reactivity with molecular
ozone versus the hydroxyl radicals that form during ozonation. Due to the non-selective
nature of OH radicals, reaction rates do not vary in magnitude with OH radicals in
comparison to what is typical with non-selective molecular ozone. For this research it
was desired to have a range of reaction rates with ozone, with OMPs that fit into slow,
medium and fast reaction rate categories.
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Compound
Diclofenac
Carbamazepine
Caffeine
Ibuprofen
Iopromide
TCPP

kO3 (M-1 s-1)
~ 1 x 106 (1)
~ 3 x 105 (1)
650 +/- 22 (3)
9.6 +/- 1 (4)
0.8 (2)
<1 (5)

kOH (M-1 s-1)
7.5 x 109 (1)
8.8 x 109 (1)
5.9 – 6.9 x 109 (3)
7.5 +/- 1.4 x 109 (4)
3.3 x 109 (2)
1.98 x 108 (6)

Table 34: Ozone and OH radical reaction rates with micropollutants 1(Van Gunten et al., 2003) 2(Yoon et
al., 2017)3(Broséus et al., 2009) 4(Aziz et al., 2017) 5(Gerrity et al., 2010) 6(Antonopoulo et al., 2016)

The reaction rates of the six OMPs used in this research are present in Table 34,
including reaction rates with both molecular ozone and OH radicals. Carbamazepine and
diclofenac exhibit fast reaction rates with ozone. Caffeine and ibuprofen have proved to
show medium reactivity.
The final criteria of the micropollutant selection process was consulting with the
contracted lab, Het Water Laboratorium (HWL), to discuss the method detection limit for
various OMPs, the accuracy of the method, and availability of the compounds for
spiking. An estimated 3-log removal was required for each of the spiked compounds as a
starting condition for the experimental work, and therefore it was necessary to confirm
with the lab that the analytical methods available were capable of measuring these
compounds at the low concentrations found in the treated effluent with acceptable
accuracy. In Table 35 the initial concentrations of each OMP and the associated level of
detection and level of quality for each pollutant with analytical methods used by HWL
can be seen.
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OMP Compound
Carbamazepine
Diclofenac
Iopromide
Caffeine
TCPP
Ibuprofen

Spiked
Concentration
(ng/l)
5,000
4,000
15,000
1,000
20,000
32,000

Level of
Detection
(ng/l)
5
3.6
1.4
13.1
14
31.8

Level of
Quality
(ng/l)
5
4
1.5
15
20
32

Table 35: Initial OMP concentrations and LOD, LOQ information from HWL

The six OMPs chosen met the majority of the described criteria as they were
present in the sampled Wervershoof effluent, exhibited an array of reaction rates with
ozone, and were measurable with available laboratory methods. An exception to the first
criteria was exhibited with Ibuprofen, as it was not measured in the 24-hour sample taken
of the Wervershoof effluent. Despite this, it was included in the spiking program as
Ibuprofen is a commonly used over the counter medication found in various wastewater
effluents across the globe, and it has a slower reaction rate with ozone like TCPP in
comparison to the other chosen OMPs.
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6.3 Ozone Demand of Water Matrices - Non-Spiked Experiments
Bench scale experiments were initially conducted with four water matrices,
demineralized water, tap water, secondary wastewater effluent, and IX treated secondary
wastewater effluent. These experiments were performed with samples that had not been
spiked with the six chosen OMPs. A major driver of the initial experiments with the nonspiked water matrices was to determine high, medium and low ozone dosages that would
be used in the following experiments with the OMP spiked water matrices. The low,
medium and high ozone dosages for the WW and IX matrices were 23.8mg, 47.7mg,
71.5mg and 13.4mg, 26.9mg, and 40.3mg respectively.
For each water matrix a 2.6L sample volume was exposed to ozone gas for a
given period of time until the ozone demand of the sample had been met, as indicated by
the ozone gas concentration in the bench scale system. Using a BMT gas analyzer that
measured the ozone gas concentration leaving the ozone reactor chamber, the
concentration of ozone gas was recorded over time. Once the ozone gas concentration
had reached a stable concentration equal to that of the initial ozone gas concentration
prior to ozonation of the water matrix, the experiment ended. From data collected during
the experiment it was possible to create a graph of the ozone gas concentration versus
cumulative ozone volume. This data allowed for the ozone uptake to be determined for
each water matrix, which is determined by the decrease and subsequent rise of the ozone
gas concentration over the cumulative ozone volume. This graph, as seen in Figure 7 for
the demineralized water trial, shows the decrease in ozone gas concentration and
subsequent rise back to an equilibrium concentration. The decrease in the ozone gas
concentration is representative of the ozone uptake of that specific water matrix. The
resultant ozone uptake for each water matrix is shown in Table 36.
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Prior to the ozone experiments conducted with the IX and wastewater matrices,
experiments were performed with both demineralized and tap water matrices. The
purpose of these experiments was to determine the ozone uptake in water matrices with
no ozone uptake for comparison with later experiments with the IX and WW matrices.
The demineralized water matrix was used as a baseline due to the fact that it exhibits an
ozone uptake without an associated ozone demand; this provides a means of comparison
for the other following matrices. The demineralized water exhibited the smallest total
ozone uptake out of the four matrices used, and tap water yielded an ozone uptake higher
than that of demineralized water but lower than the IX and WW matrices. These results
showed that the higher degree of treatment undergone by the demineralized matrix, and
drinking water treatment of the tap water sample resulted in the removal of ozone
demand causing water quality parameters such as organics, yielding an overall reduced
ozone uptake.
The three dosages for each water matrix were determined based upon the ozone
uptake calculated from these experiments. The ozone uptake was used to determine the
high, medium and low dosages as the dosages were to be based upon the amount of
ozone residual left in the samples after ozonation. Using the ozone gas concentration vs.
cumulative ozone volume curve, the area above the curve during the period of ozone
uptake was calculated. This area represents the total ozone uptake of the matrix during
ozonation. The ozone uptake was split into thirds for the determination of the ozone
dosages, where the low dosage is equal to 1/3 of the uptake, the medium dosage is equal
to 2/3 of the uptake, and the high dosages is equal to the total ozone uptake. The ozone
dosages were calculated individually for each water matrix based upon a cumulative
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average gas concentration versus time curve with the most representative ozone uptake
for the matrix (Table 36).
The demineralized water matrix provides a stable baseline for comparison of the
ozone demand of the other water matrices used in this research. This is due to the fact
that although there is an ozone uptake from the dissolution of ozone gas into the water,
there is a negligible ozone demand. The ozone demand of the tap water matrix is
expected to be greater than that of demineralized water, as seen in the experimental
results. This is primarily due to the higher level of treatment undergone by the
demineralized water, resulting in removal of organic matter and inorganics, metal ions
and other compounds that would create an ozone demand. This is compared to tap water,
which has undergone traditional drinking water treatment, and may contain many
dissolved inorganics and organics compounds, resulting in an ozone demand. The level of
treatment decreases substantially with the two wastewater matrices in comparison to that
of the drinking water (tap) and demineralized water. Ion exchange resins provide some
treatment through reducing the concentrations of DOC, NOM and other ozone demand
causing compounds. This provides an improvement on reducing the ozone demand in
comparison to the wastewater sample, yet is not enough to decrease the ozone demand to
levels seen with the tap and demineralized water. The secondary wastewater sample by
far exhibits the largest ozone demand due to the amount or organics, inorganics, metal
ions and other compounds. These water quality parameters result in the largest ozone
demand observed in this research (Table 36).
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Water Matrix

Ozone Uptake
(mg of O3)
Demineralized
15.7
Tap
19.0
IX Treated Wastewater
40.3
Secondary Wastewater
71.5

Ozone Exposure
Time (min)
5
7
13
20

Ozone Demand
(mg)
0
3.3
24.6
55.8

Table 36: Ozone uptake and exposure times for the four water matrices tested

The ozone uptake, exposure time and resulting ozone dose for each of the three dosages
are shown in Table 37 and Table 38 for the IX treated wastewater and secondary
wastewater matrix respectively. The ozone dose is determined by dividing the mass of
ozone associated with the ozone uptake by the volume of the reactor chamber (2.6L),
resulting in the ozone concentration of the dose.

Low Dose
Medium Dose
High Dose

Ozone Uptake
(mg)
13.4
26.9
40.3

Exposure Time
(mins)
1.5
4
13

Ozone Dose
(mg/l)
5.2
10.3
15.5

Table 37: Ozone uptake, exposure time and ozone dose for the high, medium and low ozone
dosages used in the IX trials

Low Dose
Medium Dose
High Dose

Ozone Uptake
(mg)
23.8
47.7
71.5

Exposure Time
(mins)
4.2
9
20

Ozone Dose
(mg/l)
9.2
18.3
27.5

Table 38: Ozone uptake, exposure time and ozone dose for the high, medium and low ozone
dosages used in the WW trials

6.3.1 Demineralized water
Demineralized water is a highly treated and purified water matrix that typically
undergoes distillation or RO filtration to remove metal ions, organic matter and other
impurities. Due to this high level of treatment, the water matrix is not expected to have a
significant ozone uptake or demand as a result of the lack of potential reactivity of the
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water matrix with ozone or hydroxyl radicals. These qualities make the demineralized
water matrix an ideal baseline matrix for comparison of ozone uptake and demand in
other matrices. Ozone uptake is defined as the mass of ozone fed into the reactor chamber
that is consumed or otherwise dissolved into the water matrix, as is the case with
demineralized water. The ozone uptake represented with this matrix is the outcome of the
gaseous ozone dissolving into the demineralized water sample until equilibrium is met
between the liquid and gas phases. The purpose of the ozone experiments with
demineralized water is to provide a means of comparing the behavior of ozone in a water
matrix with insignificant ozone uptake and no ozone demand to the higher uptake and
demand water matrices.
The rate at which ozone dissolves into a water matrix, resulting in a quantifiable
ozone uptake, is dependent on the solubility of ozone. Ozone is a relatively unstable and
reactive gas that has its solubility impacted by water characteristics such as temperature,
pH, dissolved matter and ion concentrations. For the purpose of this research no
intentional changes to pH or temperature were made during the experiments, and these
factors were monitored throughout the experimental trials.
Over the course of the experimental period, with multiple trials involving
demineralized water, a representative data set from the June 14th trial was chosen to
represent this water matrix (Figure 5). This was based upon the trial’s resemblance to the
average ozone gas versus cumulative ozone volume plot from the demineralized water
trials. The calculated ozone uptake after an accumulation of 10L of ozone gas was found
to be 21.8mg (Figure 5). This uptake is larger than that of the tap water sample, a result
that is not consistent with the expected ozone uptake of demineralized water. However,
due to the measurements taken during this trial, there was no data between 5 and 10L of
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ozone gas volume accumulated. It is expected that equilibrium is likely to have been met
after 5L. As it is the goal to determine the ozone uptake between the initiation of
ozonation and the point where equilibrium is met in demineralized water, this curve
required minor adjustment. It was determined that true equilibrium was met after 5L of
ozone gas accumulation, resulting in a reduced and adjusted ozone uptake from the
original data. The June 14th trial was modified to exhibit an ozone gas concentration at 5L
to equal that of the initial concentration for the trial. The outcome of this was a new
ozone uptake of 15.7mg. This ozone uptake more closely aligns with the expected ozone
uptake of a water matrix such as demineralized water that has such a high level of
treatment and subsequent low ozone uptake.
The equilibrium concentration of dissolved ozone in demineralized water can be
determined using the ozone uptake (Figure 7). This is determined through dividing the
ozone uptake of 15.7mg by the reactor volume of 2.6L, resulting in the concentration of
6mg/l. This concentration represents the dissolved ozone concentration in a water matrix
without an ozone demand present, and is a valuable reference for later trials. The
equilibrium of ozone in water remains the same in all water types, however the time at
which it takes for equilibrium to be reached varies between water matrices. In Figure 8 it
can bee seen that following the transfer of ozone gas into the dissolved phase, the ozone
concentration in the demineralized water follows the trend of the 6mg/l equilibrium
concentration.
The results from the ozonation of the demineralized water samples are an
insignificant ozone demand and small ozone uptake in comparison to the other matrices.
The ozone uptake is much less than that of tap water, IX treated wastewater and the
secondary wastewater samples. This is due the high level of treatment of demineralized
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water, which involves removing any inorganics, organics, or metals that typically result
in a measurable ozone demand. The minimal 15.7mg ozone uptake is from the ozone gas
dissolving into the water matrix, resulting in the smallest observed ozone uptake out of
the four matrices used. Furthermore, there was no measurable ozone demand associated
with the demineralized water matrix. This is seen in Figure 8, where the dissolved ozone
concentration quickly reaches, and remains at, the equilibrium concentration of ozone in
water. The lack of a measurable ozone demand and low ozone uptake make
demineralized water matrix ideal for comparison with other three matrices used in this
research.

6.3.2 Tap Water
Tap water is generally a variable water matrix depending on geographic location,
water source quality, and type and level of treatment used, among other factors. For this
research tap water samples were collected from a fresh water tap located in the laboratory
in Delft, NL. Tap water is not treated to the same high degree as demineralized water,
and retains a certain amount of inorganics, and other trace compounds. Delft tap water is
provided by the Evides Water Company, which primarily sources its water from the river
Maas. Treatment used by Evides includes, microstraining, coagulation, flocculation, UV
disinfection and activated carbon filtration. This treatment is effective for drinking water
standards, however it does not remove all DOC, metal ions, nutrients and inorganics from
the water. The expected result of the lower purity of this water matrix is the presence of a
measurable ozone demand, and higher ozone uptake in comparison to the demineralized
water matrix.
In similar fashion to the demineralized trials, the tap water trial chosen to be
representative of the interaction of ozone with the water matrix lacked data points
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between the 5 and 10L measurements of the ozone gas concentration (Figure 9). During
this 5L period the dissolved ozone concentration is expected to have reached equilibrium
concentration. Following the ozone concentration measurement taken at 10L, the overall
trend of the ozone gas concentration has plateaued and ceases to rise any further,
signaling the end of the ozone uptake. After 7L of ozone accumulation at the start of the
ozonation the ozone concentration reached an equilibrium concentration in the tap water.
Calculation of the ozone uptake from 0-7L yields an ozone uptake of 19mg. This is lower
than the 21mg ozone uptake that would have occurred over the full 10L period, which is
not representative of the water matrix. The adjusted dissolved ozone concentration versus
cumulative ozone gas volume plot is described in Figure 10.
Comparison of the ozone uptake from the demineralized water trial to that of the tap
water trial shows a stark difference in the amount of ozone consumed. The ozone demand
of tap water is 3.3mg compared to the 0mg ozone demand of demineralized water. The
tap water ozone uptake of 19mg is 17% larger than the 15.7mg ozone demand of the
demineralized water sample. This increased ozone uptake aligns with the predicted result
that the tap water matrix would exhibit a larger ozone demand than the demineralized
water sample. The larger ozone uptake and demand exhibited with the tap water sample
is inherently due to the presence of dissolved organic matter, metal ions and other water
characteristics that react with ozone. The increased potential for ozone to react with these
compounds and matter yields the observed higher demand and uptake of ozone. In
comparison, the higher level of treatment undergone by the demineralized water matrix
reduces the reactivity of the matrix with ozone, resulting in the lower ozone uptake.
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6.3.4 IX Treated Wastewater
Ion exchange resins were used to further treat the secondary wastewater effluent
collected from the Wervershoof WWTP, resulting in the IX treated wastewater matrix
used in this research. Three trials with the IX treated samples were conducted to
determine the ozone uptake and demand of the water matrix. Variability in the ozone gas
flow rate was observed throughout the three trials performed, exceeding the target flow
rate of 60l/hr. This variation made it necessary to take an average of the three IX trials in
order to have a representative trial for the calculation of the ozone uptake of the IX water
matrix. This average trial (Figure 14) provided the best data set to determine the ozone
uptake given the varying ozone gas flow measured.
The ozone uptake for the average IX plot was determined with the same
previously described method used in the demineralized and tap water trials. The ozone
uptake occurred over a period of 10L ozone gas accumulation, and resulted in a total
uptake of 40.3 mg of ozone. The average ozone gas flow to reactor chamber of 78 l/hr
was used in the calculation of this ozone uptake. Comparing the uptake of the IX matrix
to that of the tap water and demineralized water matrices follows the predicted pattern of
increasing uptake with a decrease in water treatment. The process of ion exchange
successfully removes NOM that contributes to ozone and OH radical scavenging,
partially reducing the ozone uptake and demand of the otherwise high ozone demand
secondary wastewater.
However, the single treatment with IX resins does not provide the same amount of
particulate, dissolved matter, metal ion and inorganics removal that is present in drinking
water (tap), and to a higher degree in the demineralized water matrices. This resulted in a
higher ozone uptake of 40.3mg, compared to the 19mg and 15.7mg ozone uptake of tap
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water and demineralized water respectively. An increase in ozone demand was
additionally measured with the IX matrix, with a 24.6mg ozone demand. This is a
substantial increase from the 3.3mg ozone demand calculated for tap water. The DOC
concentration measured in the IX matrix was determined to be 3mg/l, the same as the tap
water DOC concentration. Typically with an increase in ozone demand an increased
DOC concentration would be expected as well, as this DOC concentration has a large
impact on the ozone demand of a water matrix. The reason for the increased ozone
demand in the water is likely due to a difference in the DOC content of the IX matrix in
comparison to that of the tap water, resulting in a larger ozone demand. The increased
ozone demand and ozone uptake calculated in the IX matrix is due to the presence of
higher concentrations of dissolved and particulate ozone demanding compounds and
water constituents in comparison to tap and demineralized water.
In addition to gas phase experiments to determine the ozone uptake and observe
the ozone demand, further trials were performed to gather data on the dissolved ozone
concentrations over the cumulative ozone gas volume with the high, medium and low
ozone dosages. The ozone uptake determined from the average IX trial was used to
determine the three ozone dosages to be used for this water matrix (Table 39).

Low Dose
Medium Dose
High Dose

Ozone Uptake
(mg of ozone)
13.4
26.9
40.3

Exposure Time
(mins)
1.5
4
13

Ozone Dose
(mg/l)
5.2
10.3
15.5

Table 39: Calculated ozone dosages from figure 15 for the IX samples in the NS trials

The plotted graphs of the dissolved ozone concentration over time for each of the three
described ozone dosages provides insight into the ozone residual that remains after
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ozonation of the water matrix. The dissolved ozone concentration for the low dosage of
5.2 mg/l (Figure 15) exhibits a small peak ozone concentration of 0.25mg/l after the
completion of the ozone dose. Following this peak, the dissolved ozone concentration
decreases significantly leaving no ozone residual in the water matrix. The medium ozone
dose of 10.3 mg/l (Figure 16) displays a significantly higher peak dissolved ozone
concentration of 1.6 mg/l after 4 minutes of exposure. The dissolved ozone concentration
rapidly reaches this peak concentration and then gradually decreases after the end of
ozonation, leaving a residual ozone concentration for the following 10 minutes. The high
ozone dose of 15.5mg exhibited the largest peak ozone concentration of 3.7mg after 12
minutes of ozone exposure (Figure 17). Additionally, a residual ozone dose remained in
the water matrix for 40 minutes following the end of ozonation, showing the largest and
longest remaining residual out of the three dosages tested.

6.3.5 Wastewater Effluent
The final water matrix used in the non-spiked ozonation experiments was the
secondary wastewater effluent from the Wervershoof WWTP 24hr sample. This sample
did not undergo any additional treatment, such as the IX matrix, and is representative of
the typical effluent from the Wervershoof treatment plant.
Several ozonation trials were completed with the wastewater sample in order to
observe and gain an understanding of the ozone uptake and demand of the matrix. In
these trials, where the ozone gas concentration was measured over time, it is apparent
again that significant variation exists. This variability in the ozone gas concentration,
stemming from the irregular flow of ozone gas produced by the generator, is evident in
the range of ozone concentration seen from 20 – 23mg/l between trials (Figure 18). To
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calculate the most representative ozone uptake with the given data for the wastewater
matrix, an average data plot of the ozone gas concentration over ozone gas volume was
created from the three trials (Figure 18). The three trials chosen for the average exhibited
ozone gas flows of 62, 67 and 78 l/hr, the difference in flow is apparent in the lack of a
cohesive trend in Figure 19.
The average plot of the ozone gas concentration versus cumulative ozone volume
(Figure 20) was used to determine the ozone uptake in the wastewater matrix. The ozone
uptake calculated from Figure 20 yielded 71.5mg of ozone. This ozone uptake was
calculated using the average ozone gas flow of 69 l/hr for the three trials used to create
the average ozone gas concentration versus cumulative ozone gas volume plot. This
uptake of 71.5mg of ozone is the largest of the four water matrixes used in the
experiment, with uptakes of 15.7mg, 19mg, and 40.3mg seen for demineralized water, tap
water and IX treated wastewater respectively. These results follow the expected pattern
of increasing ozone uptake with decreasing effluent water quality. The secondary
wastewater sample underwent no additional treatment, and retained all of the organics,
inorganics, metals and other compounds that contribute to ozone uptake and demand.
In similar fashion to the IX water matrix, the 71.5mg ozone uptake for the WW
matrix was used to determine the three ozone dosages to be used in the later experiments.
Experiments were conducted with the wastewater sample, without any spiked
micropollutants, to observe the ozone uptake with each of the three dosages calculated
from the average ozone gas vs. cumulative ozone volume plot (Figure 20). These three
trials, seen in figures 27, 28 and 29, show the ozone gas concentration vs. cumulative
ozone volume for the low, medium and high ozone dosages respectively. Each of the
three dosages was observed to have a larger ozone uptake than that of the calculated
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uptake from the average plot. The largest difference between doses is seen in the
comparison of the medium dosage, with a larger uptake in the average plot compared to
that of the medium dose experiment. The disparity between the two medium dosages is
likely a result of the variability of the ozone gas flow measurement, as the average plot
had a flow of 69 L/hr on average compared to an 87 L/hr flow for the medium dose trial.
The higher flow rate of the medium dose trial provides a larger amount of ozone to the
reactor chamber, giving rise to the possibility of the wastewater sample to uptake a larger
amount of ozone in the same period. This is seen to a lesser degree with the low and high
dosages, which had average ozone gas flow rates of 72 and 74 l/hr respectively. The
smaller difference between the measured ozone gas flow rates of the low and high dosage
trials leads to a smaller discrepancy with the uptake from the average plot.
In addition to the ozone gas concentration data taken during the low, medium and
high dosage trials, the concentration of dissolved ozone was recorded throughout the
experiment. The dissolved ozone concentration was observed to reach its peak in each
experiment at the point in time right before the end of ozonation for the trial. A peak
dissolved ozone concentration was measured at 0.74 mg/l for the low dose, 1.28mg/l for
the medium dose, and 3.40mg/l for the high dose. This agrees with the expected behavior
of a higher ozone uptake and dissolved ozone concentration given longer exposure to the
influx of ozone gas. The low dose trial showed a dissolved ozone concentration
remaining in a small concentration up to 10 minutes after the end of ozonation, providing
a measurable but minuscule ozone residual. The medium dose trial also exhibited a ozone
residual for up to 10 minutes following the end of ozonation, but at higher concentrations
than that of the low dose trial, due to the higher peak ozone concentration reached. The
largest ozone residual by far was measured with the high dose trial, which had at least a
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concentration of 0.75mg/l up to 20 minutes, and a measurable ozone residual for 30
minutes following the end of ozonation. Additionally, negative dissolved ozone
concentrations at the beginning and end of the high dose trial were due to error associated
with measuring low concentrations of dissolved ozone with the indigo blue method.
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6.4 Comparison of Spiked and Non-Spiked Trials
The primary goals of performing the low, medium and high ozone dose trials with
both the IX and WW samples without the spiked OMPs was to determine if the presence
of the OMPs would impact the interaction of ozone with the water matrices and to
establish experimental conditions for the OMP spiked trials. This can be determined
through comparison of the dissolved ozone concentration versus cumulative ozone
volume graphs and the ozone gas curves for the three ozone doses with both matrices.
The comparison of these two datasets also allows for the determination of the potential
effect of added DOC from the spiked OMPs and associated ozone demand.

6.4.1 IX Treated Wastewater
Analysis of the ozone gas versus cumulative ozone gas volume curves for the
three dosage trials in both the non-spiked and spiked experiments, seen in figures 30, 31
and 32, display the high degree of correlation between trials. Each comparison of the low,
medium and high dose trials does not show extensive variation in the gas concentration
over the cumulative ozone volume. The absence of considerable deviation in ozone gas
concentration over cumulative ozone gas volume observed in the data for the low,
medium and high trials for both spiked and non-spiked IX matrices attests to the
similarity between experiments.
Comparison of the dissolved ozone concentrations over the cumulative ozone
volume between the spiked and non-spiked trials yields a high degree of correlation
based upon the shape of the curves and magnitude of the ozone gas concentrations. The
plotted graphs of the dissolved ozone concentration for each dose and experiment, seen in
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figures 33 and 34, show the resemblance between experiments. Slight variation exists
between the experiments due to the variability in ozone gas flow measurements, and is
not indicative of inherent differences between the spiked and non-spiked experiments.
The juxtaposition of the dissolved and gaseous concentrations of ozone over
cumulative ozone volume for the spiked and non-spiked experiments provides further
evidence that the presence of the spiked OMP compounds does not affect the ozone
uptake or ozone demand of the water matrix. This comparison adds additional evidence
from the analysis of the DOC concentration associated with the OMPs, compared to the
DOC concentration present in the IX matrix. In addition to the low ratio of DOC
concentration in the OMPs to that of the IX matrix, the lack of significant variation
between low, medium and high dose trials in the spiked and non-spiked samples shows
the high degree of correlation present. This correlation between all spiked and non-spiked
trials results in the determination that the presence of the spiked OMPs yields a negligible
ozone demand, and does not influence the ozone demand or uptake of the spiked trials.

6.4.2 Secondary Wastewater
The degree of similarity between the non-spiked and spiked wastewater matrixes
is apparent in figures 35, 36 and 37 for the ozone gas concentration over cumulative
ozone gas volume. The ozone gas curves for both the spiked and non-spiked trials
generally show a high degree of correlation, and vary very little given the number of data
points and aforementioned issues with measurement of the ozone gas flow. The most
significant deviation between experiments is visible in the low and medium dose trials.
The low dose trial comparison (Figure 29) shows how the non-spiked ozone gas
concentration exceeded that of the spiked trial; the opposite is seen in the medium dose
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trial (Figure 30). The differences seen in this comparison can be traced back to the
variability in ozone gas flow delivered to the reactor over time during each experiment.
However, despite these minor differences in trends between the spiked and non-spiked
ozone gas graphs, the shape of the curve and magnitude of the ozone gas concentrations
show a great deal of similarity. The fact that there are no major differences between
either the spiked or non-spiked trials suggests that the presence of the OMPs is not
contributing to the measured ozone demand in the experiments.
The results of the dissolved ozone concentration over time during each of the low,
medium and high ozone dose trials for both experiments further shows the similarity
between experiments (Figure 32, Figure 33). Contrasting each of the low, medium and
high dosages for the two experiments shows the related trends of the data over time and
the overall curve of the plots. The minor variability observed in this comparison can be
attributed to the issues with accurate ozone gas flow measurement and inherent error
involved in the accurate measurement of the dissolved ozone concentration using the
indigo blue method.
Given the lack of significant deviation of the dissolved and gaseous ozone plots
for the high, medium and low trials between the non-spiked and spiked experiments, the
presence of the OMPs does not have a noticeable effect on the interaction of ozone with
the wastewater matrix. This is supported by the similar trends and shapes of the plotted
data seen in the comparison of each ozone dosage trial between experiments, the lack of
significant deviation from measured ozone concentrations, and the low DOC
concentration contributed by the OMPs in relation to the DOC content of the wastewater
matrix. Therefore, it is determined that the presence of OMPs does not have a significant
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effect on the ozone demand of the wastewater matrix, due to the similarities reported in
the comparison of spiked and non-spiked figures.
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6.5 Organic Micropollutant Removal and Bromate Formation
Following the ozonation of each of the spiked IX and WW matrices with each of
the high, medium and low ozone dosages, samples were sent out to HWL for analysis of
the remaining concentrations for the 6 OMPs. The degradation of each spiked OMP in
the three trials conducted with both the IX and WW matrices are represented in tables 26
and 28 respectively.

6.5.1 Ion Exchange Treated Wastewater
Removal of the OMPs in the ozonation experiments with the IX water matrix
generally occurred in accordance with the expected percent removal as predicted by each
compound’s reaction rate with molecular ozone. Each compound was selected for use in
this research effort primarily based upon its reaction with molecular ozone. Additionally,
hydroxyl radicals are produced through the degradation of ozone, providing an additional
means of OMP removal, however the main criterion for these compounds was ozone
reactivity.
The compounds carbamazepine, diclofenac, caffeine and ibuprofen exhibited near
complete removal across all three ozone dosages in the IX matrix. The highly effective
nature of the ozone dosages used on the carbamazepine, diclofenac, caffeine and
ibuprofen can be attributed to the reactivity of these OMPs with ozone. This removal
coincides with the high reaction rates of diclofenac, carbamazepine, caffeine and
ibuprofen with ozone, which are 1x106 M-1s-1, 3x105 M-1s-1, 650 +/1 22 M-1s-1, and 9.6
+/- 1 M-1s-1 respectively (Table 41).
Carbamazepine and diclofenac were chosen for use in this research due to their
highly reactive nature with ozone, as seen with their large reaction rates in Table 34.
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Therefore, the high percent removal that reduced the concentration below the detection
limit of the method used by HWL is expected and reasonable. The OMP compounds that
represented a moderate reaction with ozone, caffeine and ibuprofen, also were removed
past the method detection limit. This was true for the low, medium and high ozone
dosages. While the ozone reaction rates are several orders of magnitude less than that of
the slower reacting carbamazepine and diclofenac, the degradation was similar based
upon the detection limit of the analytical methods used.
The removal observed in both iopromide and TCPP was to a lesser degree than
that of diclofenac, carbamazepine, caffeine and ibuprofen. This is in part due to the
slower reaction rates with ozone for each of these compounds, which are 0.8 M-1s-1 and
<1 M-1s-1 respectively. Removal of both iopromide and TCPP rose with an increase in
ozone dose, with iopromide removed at a higher percentage than TCPP across the three
ozone doses. Iopromide, with significantly lower reaction rates with ozone, yielded a
progressively increasing percent removal as the ozone dosage increased. A substantial
increase in removal of iopromide occurred between the low and medium dosages with a
34% increase in removal. This was seen to a much lesser extent with the progression
from the medium and high dose. The removal measured with TCPP was the lowest in
comparison with the other 5 OMPs, yielding no measurable change with the low ozone
dose and only a peak degradation of 45% with the high dose..The low reactivity of TCPP
with ozone explains the removal measured in the IX matrix in comparison with the other
spiked OMPs. Due to the low reaction rates of both TCPP and iopromide.
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OMP

Degradation with Ozone Doses
Low
Medium
High

Carbamazepine

>99%

>99%

>99%

Diclofenac
Caffeine
Ibuprofen
Iopromide
TCPP

>99%
>99%
>99%
59%
0%

>99%
>99%
>99%
93%
20%

>99%
>99%
>99%
>99%
45%

Table 40: Degradation of OMPs with associated ozone dosages, IX matrix

Compound
Diclofenac
Carbamazepine
Caffeine
Ibuprofen
Iopromide
TCPP

kO3 (M-1 s-1)
~ 1 x 106 (1)
~ 3 x 105 (1)
650 +/- 22 (3)
9.6 +/- 1 (4)
0.8 (2)
>1 (5)

kOH (M-1 s-1)
7.5 x 109 (1)
8.8 x 109 (1)
5.9 – 6.9 x 109 (3)
7.5 +/- 1.4 x 109 (4)
3.3 x 109 (2)
1.98 x 108 (6)

Table 41: Ozone and OH radical reaction rates with micropollutants 1(Van Gunten et al., 2003) 2(Yoon et
al., 2017)3(Broséus et al., 2009) 4(Aziz et al., 2017) 5(Gerrity et al., 2010) 6(Antonopoulo et al., 2016)

In addition to the measured OMP concentrations in each of the ozone doses, the
initial and final bromate concentrations were analyzed. The formation of bromate during
ozonation poses a serious concern due to the significant human health risk it can pose if
untreated, due to its status as a potential carcinogen (Solterman et al., 2017). The initial
bromate concentration measured in the IX treated wastewater matrix yielded
inconsequential concentrations below that of the method detection limit. The initial
bromide concentration measured in the IX treated matrix was 250 µg/l, showing a
reduction from the 350 µg/l concentration in the secondary wastewater matrix.
The concentrations of bromide measured in the ozone treated samples exhibited a
trend of increasing bromate formation with an increase in applied ozone dose. The
bromate concentration in the low ozone dose of 13.4mg is below the USEPA drinking
water regulation of 10 µg/l, while both the medium and high dosages far exceeded the
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USEPA regulation. The medium dose of 27.7mg of ozone, with a bromate concentration
of 48 µg/l, is above the USEPA standard, but is compliant with the Switzerland
environmental quality standard of 50 µg/l. The high ozone dose of 40.3mg of ozone
however resulted in substantial bromate formation, with a concentration of 210 µg/l.
These results yield a trend of increasing bromate formation with higher ozone dosages.
As the amount of ozone delivered to the water sample increases, the ozone available to
react with the present bromide increases, driving the reaction of bromate formation.
Ozone Dose
Low
Medium
High

Initial Bromate
Conc. (µg/l)
<2.5
<2.5
<2.5

Final Bromate Conc.
(µg/l)
7
48
210

Table 42: Initial and final bromate concentrations measured in low, medium and high ozone
doses, IX matrix

6.5.2 Secondary Wastewater Matrix
The six OMPs spiked in the IX treated wastewater matrix were spiked in the
secondary wastewater matrix in identical concentrations and exposed to a similar ozonedosing regime. The resulting degradation measured from the difference in the final and
initial OMP concentrations is shown in Table 43. These results show similar degradation
with the OMPs carbamazepine, diclofenac and caffeine seen with the IX matrix. These
compounds were degraded below the method detection limit used by HWL for the low,
medium and high ozone doses. Ibuprofen was removed to a high degree at the low ozone
dose in wastewater, and experienced near complete degradation in the medium and high
doses. Degradation via ozonation of iopromide increased with a rise in the applied ozone
dose, resulting in significant removal with the medium and high doses. The degradation
of TCPP was notably less than the other 5 OMPs, with no removal in the low ozone dose,
very minimal removal in the medium dose, and less than 50% in the high ozone dose.
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The lower degradation of TCPP can be attributed to the slower reaction rates with ozone
and OH radical compared to OMPs such as caffeine and carbamazepine.

OMP

Degradation with Ozone Doses
Low
Medium
High

Carbamazepine

>99%

>99%

>99%

Diclofenac
Caffeine
Ibuprofen
Iopromide
TCPP

>99%
>99%
79%
33%
0%

>99%
>99%
>99%
81%
5%

>99%
>99%
>99%
>99%
45%

Table 43: Degradation of OMPs with associated ozone dosages, WW matrix

In addition to the degradation of the spiked micropollutants, significant formation of
bromate was measured in the secondary wastewater matrix following ozonation. The
initial bromate concentration was measured to be insignificant prior to ozonation, and
therefore the increased concentrations can be reasonably surmised to be a resultant of the
ozonation of the bromide present in the matrix. The initial bromide concentration was
measured to be 350 µg/l in the wastewater matrix. The formation of bromate increased
with the applied ozone dosage, and was measured to be above the EPA regulated bromate
concentration of 10 µg/l in each trial (Table 44).
Ozone Dose
Low
Medium
High

Initial Bromate
Conc. (µg/l)
<2.5
<2.5
<2.5

Final Bromate Conc.
(µg/l)
15
94
240

Table 44: Initial and final bromate concentrations measured in low, medium and high ozone
doses, WW matrix
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6.5.3 Comparison of OMP Degradation to Literature
A comparison between the OMP degradation results of the IX and WW trials
shows the impact of the water matrix on the ability of ozone and hydroxyl radicals to
interact and degrade the target OMPs. The WW matrix exhibited complete degradation of
diclofenac, carbamazepine and caffeine, with a large degree of degradation of ibuprofen
and iopromide, and a moderate reduction in TCPP (Table 43). By comparison, the IX
treated WW matrix showed a similar degree of degradation of the target OMPs, with
complete degradation of diclofenac, carbamazepine, caffeine and ibuprofen. Increased
degradation of ibuprofen, iopromide and TCPP was observed with the IX matrix. The
difference in degradation results seen between the two water matrices can be largely
attributed to the difference in ozone demand present in the IX and WW matrix. An
important water quality parameter that affects the ozone demand of a water matrix is the
presence of dissolved organic carbon. A larger concentration of DOC leads to the
consumption of a larger amount of dissolved ozone, reducing the amount available for the
degradation of the target contaminant. This is seen in the results with the differences in
OMP degradation between the IX and WW matrices, where each matrix had a DOC
concentration of 3mg and 10 - 11mg respectively.
The ozonation of carbamazepine during the high, medium and low doses, in both
IX and WW matrices, resulted in degradation greater than 99%. This high degree of
degradation of carbamazepine has been replicated in previous studies, where 90 – 99%
degradation of carbamazepine was observed with relatively low ozone dosages of 0.4 –
2mg/l (Broséus et al., 2009 and Hübner et al., 2014). Contaminants with an ozone
reactivity greater than that of 104 M-1s-1 react vigorously with molecular ozone, resulting
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in the significant degradation of carbamazepine (kO3 = 3 x 105 M-1s-1) seen in the
ozonation experiments (von Gunten, 2003).
The degradation of diclofenac measured in both IX and WW samples across all
three ozone dosages exceeded 99%, similar to carbamazepine. A review of related
experiments has resulted in high degradation of diclofenac with ozonation under like
conditions. Diclofenac has shown to be highly reactive with ozone and OH radicals,
resulting in near complete elimination from water matrices in a short period of time
(Aguinaco et al., 2012). The fast reaction rate with ozone seen with diclofenac (kO3 = 1 x
106 M-1s-1) can be traced to the presence of amino groups on diclofenac. These
nucleophilic points provide the opportunity for the highly electrophilic agent ozone to
react quickly with diclofenac, resulting in significant degradation (Moreira et al., 2015).
The results of this research show that caffeine exhibits significant degradation
with both IX and WW matrices in each ozone dosing experiment, similar to both
carbamazepine and diclofenac. In each ozone dose trial, for both matrices, greater than
99% degradation was measured. Previous research experiments have yielded similar
results of greater than 80% degradation via ozonation (Broséus et al., 2009). The
antioxidant activity of caffeine results in the scavenging of free radicals, such as highly
reactive OH radicals (Broséus et al., 2009). This high reactivity with OH radicals is likely
a leading reason for the considerable amount of degradation observed in these
experiments.
The degradation of ibuprofen was the first spiked OMPs that exhibited different
degradation across both the IX and WW matrices, and between ozone doses. The
ibuprofen compound does not include reactive groups, such as those found in diclofenac,
decreasing the reactivity of molecular ozone with ibuprofen (Quero-Pastor et al., 2014).
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Due to the low rate constants of ibuprofen with ozone, the main pathway of degradation
occurs indirectly through reactions with OH radicals that form during ozone decay. The
high reaction rate of the pharmaceutical ibuprofen with OH radicals however results in
significant degradation, as seen in the IX and WW trials. Prior studies have shown in
similar conditions that this degree of degradation of ibuprofen via ozonation is typical,
with a degradation of 86% reported by Coehlo et al. (2010) using an ozone gas flow of 815 gN/m3. Furthermore, ozonation of ibuprofen resulted in the 99% degradation from
initial concentrations in results provided by Rosal et al. (2008) with an ozone gas flow
rate of 45 gN/m3. The experimental results yielded from this research, which exhibited 79
– 99% degradation with an ozone gas flow of 20 – 25gN/m3, align with those reported in
available literature. The increased degradation seen in the low ozone dose of the IX
pretreated sample is likely due to the increased reactivity of OH radicals with ibuprofen,
which results from the removal of hydroxyl radical scavenging NOM compounds from
the ion exchange process. The secondary wastewater sample used in the low ozone dose
trial, which saw a degradation of 79% for ibuprofen, had a higher concentration of
compounds such as NOM that are prone to scavenge the OH radicals at a higher rate than
the target contaminant, reducing the effectiveness of the ozone treatment.
The ozonation of iopromide, an OMP with lower kO3 and kOH rates than previous
OMPs discussed, showed a trend of increasing degradation with an increase in ozone
dose for both the WW and IX samples. A 20% increase in degradation of iopromide was
observed with the low ozone dose in the IX pretreated matrix (4.4mg/l of O3) in
comparison to the degradation seen in the WW matrix (8.3mg/l of O3). This trend was
also observed with the medium ozone dose, with 93% degradation with IX (13.5mg/l of
O3) in comparison to that of the 81% degradation with the WW matrix (15.5mg/l of O3).
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The high ozone dosage resulted in greater than 99% degradation for both matrices used in
this research. Several studies that have researched the use of ozone for the removal of
micropollutants have encountered iopromide. Iopromide was found to degrade 40% from
its original concentration under a range of 0.5 – 5mg/l ozone dosing, and 90% with an
ozone dose of 13.5mg/l (Gomes et al., 2017). The degradation and ozone dosage reported
by Gomes et al., is similar to the degradation seen of the low ozone dose used in this
research. The medium ozone dose of 13.5mg/l with the IX matrix showed a similar
degradation of iopromide in contrast with that reported in the result from Gomes et al.,
the wastewater degradation was slightly lower despite the higher ozone dosage. Overall,
the degradation of iopromide via ozonation observed in this research is much the same as
that seen in the literature.
The ozonation of TCPP exhibited the widest variation across the three ozone
dosages used with both the IX and WW matrices. The low ozone dose for both matrices
resulted in no measurable degradation of TCPP. The medium dose for the WW matrix
only yielded a degradation of 5%, while the IX matrix was substantially higher at 20%.
High ozone doses of both IX and WW resulted in a degradation of 45%, a substantial
jump in degradation between in the medium and high dosages for the wastewater matrix.
A review of previous studies showed a 30% removal of TCPP with a 31.2mg/l ozone
dose (Yuan et al., 2015). This degradation can best be compared to the high ozone dose
applied to both the IX and WW matrices, which accomplished 45% removal of TCPP
with ozone dosages of 18.5mg/l and 21.5mg/l respectively. It is probable that the smaller
degradation with a higher ozone dose that is reported in the results of Yuan et al., is due
to differing amounts of NOM and TOC between wastewater effluents.
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The analysis of the use of ozone to treat specifically TCPP is not commonly found in
current literature, as the many studies more broadly look at the effect of ozone on
organophosphates as a contaminant group. However, a general review of the effect of
ozonation on organophosphates similar to TCPP can provide insight into its potential for
degradation and removal. TCPP and other organophosphate contaminants such as TDCP
and TCEP are more difficult to degrade and remove due to the Cl atoms, which are more
difficult to degrade via reaction with ozone and OH radicals. Other organophosphates
that have aliphatic chains, double bonds or amine groups and do not have Cl atoms have
exhibited a much higher reactivity with ozone (Yuan et a., 2015).
A comparison of the degradation of a select OMPs between the Wervershoof pilot
and the bench scale experiments can also be made. In Table 45, the degradation of three
compounds metformin, temazepam and oxazepam in each low, medium and high dose
trial for the IHE bench scale experiments and the degradation in the pilot can be seen.
These select few OMPs show the relative similarity of the ozone degradation of some
compounds in both experiments. The pilot results most resemble the low ozone dose of
21.7mg of dissolved ozone in the benchscale wastewater trial. This is observed with the
similar degradation of the three listed OMPs in Table 45. While temazepam and
oxazepam both exhibit very similar degradation between the low dose and pilot
experiments, the degradation of metformin in the pilot system is most similar to that of
the medium dose (43mg of O3).
Compound
Metformin
Temazepam
Oxazepam

Bench Scale:
Low Dose
21%
90%
91%

Bench Scale:
Medium Dose
58.6%
>99.9%
>99.9%

Bench Scale:
High Dose
85%
>99.9%
>99.9%

Pilot
60%
93%
87%

Table 45: Comparison of OMP degradation in the bench scale and pilot experiments
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6.5.4 Recommendations for Application of Research and Future Study
This research has shown the significant degradation potential of a range of
organic micropollutants through the use of ozonation. As water scarcity increases in dry
regions across the world, urban population rises and emerging contaminants become a
more pressing concern, the potential for applications of this research grows. The
increasing demand on water supplies has created new markets for the use of advanced
water treatment technology in the field of water reuse. As cities and municipalities search
for additional water resources to increase the reliability and stability of drinking water
deliveries to their residents, water reuse has become an increasingly attractive option.
Water reuse treatment strategies often incorporate advanced drinking water
technology and processes to meet the strict regulations surrounding drinking water
treatment. The use of this treatment technology allows for secondary wastewater effluent
to be further treated and refined into drinking quality water, which can be blended into
existing water sources, re-injected into aquifers or used for agriculture or landscaping.
Furthermore, the progression of technological advancements in chemical analytical
techniques and research has opened up new categories of emerging contaminants in
wastewater and drinking water around the world. These contaminants, such as
pharmaceuticals, endocrine disruptors and pesticides have the potential to cause harm to
human and environmental health. The significant potential impact on human health and
the environment demands a solution to remove these contaminants from the drinking
water stream, whether it incorporates water reuse or not. Due to the concerns raised about
the presence of these contaminants, which are typically found in wastewater effluent, new
treatment methods and approaches must be explored.
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A promising treatment technology that offers great benefits in treatment of these
emerging contaminants found in drinking and wastewater alike is ozone treatment.
Through the results of this research it has been proven further that ozone provides
effective treatment for the removal of a wide range of emerging contaminants from a
wastewater matrix. Furthermore, the use of complimentary treatment processes, such as
IX treatment, allows an improved ozonation condition. This is accomplished through IX
pretreatment, which reduces bromate-forming precursors such as bromide from the water
matrix. The high reactivity of ozone and OH radicals with a wide variety of inorganics,
organics, and other contaminants allows for a range of applications in the water treatment
industry. The reactive nature of ozone allows for treatment of a large array of
contaminants that traditional treatment methods cannot treat, or do so to an unsatisfactory
level. The application of ozone technology can be used in such application as in the
tertiary treatment of secondary wastewater for water reuse projects, or for the removal of
persistent contaminants present in drinking water supply. Ozone treatment shows its
greatest success in coordination with other advanced treatment technologies such as pre
IX treatment, post ceramic membrane filtration and GAC filtration. Ozone provides the
benefits of degrading contaminants of concern, such as OMPs, while IX reduces DBP
formation potential and post ceramic membrane and GAC filtration have the ability to
remove biodegradable reaction products and unwanted particulate or organic matter.
Together in harmony with other advanced and conventional treatment technologies alike,
ozone has the potential to significantly reduce the concentrations of emerging
contaminants and improve water quality.
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Chapter 7
7 Conclusions and Recommendations
This chapter describes the conclusions made based upon the results and findings
generated through this research, including recommendations of potential applications and
topics of further study in the future.

7.1 Degradation of OMPs by Ozonation
The results of the ozonation experiments showcased the high reactivity of ozone
and OH radicals with selected OMPs in both the IX pretreated and secondary wastewater
matrices. Removal below the limit of detection was achieved with low, medium and high
ozone doses for OMPs carbamazepine, caffeine and diclofenac in both matrices.
Significant reduction was measured in ibuprofen, iopromide and TCPP, in both matrices.
The IX matrix exhibited slightly higher removal via ozonation of ibuprofen, iopromide
and TCPP in comparison to the secondary wastewater matrix.

7.2 Formation of Bromate
Significant bromate formation was measured in both water matrices across the
three ozone dosages used in the ozonation experiments, this is of notable concern due to
the known negative human health effects of bromate. The formation of bromate rose as
the applied ozone dosage increased, resulting in substantial bromate concentrations in the
medium and high ozone dose trials. In each trial, except for the low ozone dose IX trial,
the bromate concentration exceeded that of the EPA regulated concentration of 10µg/l.
This research showed that as the ozone dose and exposure time increased the potential for
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bromate formation rose, resulting in significant formation above acceptable drinking
water standards.

7.2 Impact of IX-Pretreatment
The effect of suspended ion exchange pre-treatment of the secondary wastewater
effluent was significant in both the degradation of OMPs and bromate formation.
Through a reduction in ozone and OH radical scavengers, the IX treated wastewater
matrix yielded higher OMP degradation than the wastewater matrix by comparison. The
IX treatment resulted in an equal or greater degradation of the OMPs than wastewater,
with a lower ozone dosage required to achieve that degradation. Additionally, due to the
removal of bromide in the pre-treatment, the bromate concentrations measured post
ozonation were substantially lower than those measured in the wastewater matrix. The
results of this research have shown the benefits of IX pre-treatment to increase the
efficiency of ozone degradation of OMPs and to reduce the potential for bromate
formation.

7.3 Evaluation of Experimental Setup and Approach
The bench scale equipment used for all of the ozone experiments in this research
effort at the UNESCO IHE Laboratories in Delft, NL provided ample means for the
measurement of all pertinent data points during the experiments. To improve the existing
equipment and setup, a reliable dissolved ozone meter for use in the ozone reactor
chamber would be preferred. This would allow for consistent dissolved ozone
measurements to be taken automatically, without the need of using the indigo blue
method, which is more prone to measurement and human error. Additionally, results of
this research showed variable gas flow measurements from the Ritter flow meter. Further
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maintenance or replacement of this gas flow meter would improve the accuracy and
reproducibility of future experiments.

Recommendations
•

The recommended ozone dose for further research and piloting for potential
application is the low dose of 13.4mg for the IX treated wastewater. This is
due to the considerable degradation of the target OMPs, with minimal
bromate formation observed with this dose.
Post treatment following ozonation using granular activated carbon is
recommended for the removal of ozonation byproducts, recalcitrant
compounds and reaction intermediate products. The large surface area and
physical characteristics of GAC provide the potential to remove a large
amount of compounds that typically form from the degradation of the target
compounds. When used in conjunction with ozonation and IX pretreatment,
GAC can further reduce the concentration of biodegradable reaction
products.

•

It is recommended that additional investigation be conducted in;
o The impact of pre-IX treatment and ozonation on the flow rate, operation
and effluent water quality of ceramic membrane filtration
o The ability of GAC to remove biodegradable reaction products and
improve water quality
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o Further experiments with varying exposure times of the secondary
wastewater effluent to ion exchange resins to determine impact on the
concentrations of bromide and organic compounds
o Follow up batch studies to;
§

To explore dosing regimes with ozone doses similar to the low
dose used in this research in order to optimize OMP degradation
and reduce formation of reaction products and intermediates

§

Gather additional water quality data on Wervershoof wastewater
effluent in other seasons to better characterize effluent
characteristics

o Include additional organic micropollutants with a wider variety of reaction
rates, particularly OMPs with slower reaction rates, in order to explore
greater differences in ozone dosages
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Appendices
Appendix I: Supplemental Calculations
Example Calculation of Ozone Uptake, Ozone Dosages and Dosage Times
Ozone Uptake
Water Matrix: Secondary Wastewater Effluent
O3 gas
S1003
Time (min) (gr/Nm3)
0
22.1
1
16.5
2
17.8
3
18.8
4
19.0
5
19.2
7
19.3
9
19.6
11
19.9
13
20.3
15
20.4
20
20.9
25
21.0
30
20.8
35
21.1
40
21.5
50

21.1

Table 46: Average ozone gas concentration and time data for WW
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Figure 34: Ozone gas conc. vs Time: Average of WW trials, data plotted from Table 46

Ozone Uptake Calculation
Height
Base
Area
(Uptake in
mg)
Flow
Adjustment
Factor
Adjusted
Ozone
Uptake

5.64
20

56.4

1.15

65.0

Table 47: Ozone uptake calculation
$

Where area is equal to ! = % &'() ∗ ℎ),-ℎ.
Example:
1
! = &'() ∗ ℎ),-ℎ.
2
1
! = 20 ∗ 5.6
2
! = 56.4
The ‘flow adjustment factor’ is equal to the average ozone gas flow during the
experiment divided by the ideal gas flow of 60L/hr
Example: Average ozone gas flow = 69.18 l/hr
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Flow adjustment factor =

67.$8 9/;<
6= 9/;<

= 1.15

Appendix II: IHE Bench Scale Equipment
IHE Ozone Bench Scale Schematic

Observed Analytical and Equipment Issues
Several analytical and equipment issues arose throughout the progression of this
research in the experimental period. These issues can be broken down into problems with
the equipment used in the bench scale experiments, and issues with the analytical
measurements and procedures undertaken.
Analytical Issues
The analytical issues experienced during the experimental period largely
occurred during the measurement of the dissolved ozone concentration with the indigo
blue method. This method was employed in lieu of a functioning dissolved ozone
analyzer in the bench scale setup. Inaccuracies observed with the measurement of the
dissolved ozone concentration in the non-spiked and spiked experiments originated from
analytical, measurement and human error that occurred during use of the indigo blue
method. This method required sampling of ~5ml of the ozonated water sample at specific
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time measurements, often within 1 minute of each other. In the time that the sample was
taken from the reactor chamber to the addition of the indigo reagent and capping of the
sample jar, dissolved ozone gas will transfer from its dissolved state to a gaseous state
and leave the sample. This loss of ozone gas potentially contributed to the lower than
expected measurements of dissolved ozone concentrations.
In the early stages of the experimental phase, when the indigo blue method was
first employed, varying volumes of the samples taken at required time intervals were
added to the fixed volume of indigo blue reagent. This procedure was designed around
the basis that sample would be added to the reagent until an acceptable conversion of the
reagent from exposure to the dissolved ozone occurred. This was observed as the
chemical reaction of ozone with the reagent, resulting in a change of the solution from a
dark blue color to a pale blue color. Samples taken at the beginning and end of the
experiment, where the dissolved ozone concentration was minimal, resulted in large
sample weights in comparison to later samples. To achieve a similar conversion of the
indigo reagent as samples with a higher dissolved ozone concentration, a sample volume
of roughly 20ml was often required. Samples with high dissolved ozone concentrations
often required 5ml or less of sample water to achieve the required conversion of the
indigo reagent. The weight of each sample jar and sample is used in the subsequent
calculation of the ozone concentration. After review of initial results, the procedure was
amended to allow only a maximum addition of 5ml of the sample taken at each sampling
time, resulting in a standard sample volume addition and less variation.
The indigo blue method uses collected data from each sample including, weight
of added sample and UV absorbance at 600nm to determine the dissolved ozone
concentration. This calculation is heavily influence by both of these data points, and the
previously mentioned large sample weight coupled with a low UV absorbance resulted in
the calculation of negative dissolved ozone concentrations. As a negative ozone
concentration is not possible, this error is contributed mainly to the failure of the method
to accurately calculate dissolved ozone concentrations below a certain threshold in
combination with the excessive volume of sample added by the researcher.
Equipment Issues
The equipment issues that arose during the 6-week experimental period with the
IHE bench scale ozonation setup were limited to the KI 100 dissolved ozone analyzer
(MI-3001), the Ritter gas flow meter (FI – 3000) and the ozone generator. In the early
stages of the experiments conducted with the benchscale equipment, the KI 100 analyzer
operated as designed, however after a number of experiments it’s reliability decreased
and eventually ceased to function normally. The decision to stop using the analyzer was
due to its constant status in ‘error’ and inability to produce consistent, accurate dissolved
ozone measurements. In order to obtain the required dissolved ozone measurements, the
indigo blue method was employed.
Additionally, functional issues with the Ritter gas flow meter were encountered.
The flow meter would occasionally stop measuring the flow completely, or stop for a
short period time and begin again. This caused issues with measuring the flow of ozone
gas and calculating the ozone gas volume delivered to the reactor chamber. The Ritter
meter was serviced twice during the experimental period and appeared to function
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normally during the trials reported in this research, although several trials were
discounted due to the issues with the meter.
Production of ozone gas from the ozone generator created a further issue with the
operation of the bench scale equipment and experiments. The Trailigaz ozone generator
operated in cycles, where at certain points during its operation the ozone gas flow would
vary. This was observed with the change in ozone gas flow on the Ritter flow meter.
During the end of a cycle, observed by an audible click and hum from the generator, the
ozone gas flow would increase significantly for a short time before returning to the prior
flow. This behavior was observed both during experiments and while generator was on
standby and the valve to the reactor chamber was closed.
Adjustments Made in Demineralized Water Graph and Experimental Results
In contrast with the demineralized water trial, where the dissolved ozone
concentration reaches the 6mg/l equilibrium trial after the ozone uptake occurs, the tap
water ozone concentration remains below equilibrium. A substantial difference of 2mg/l
is present in the dissolved ozone concentration in the tap water sample after the initial
uptake. This difference remains constant as the dissolved ozone concentration plateaus at
4mg/l (Figure 11), remaining below the equilibrium determined from the demineralized
water sample at 6mg/l. Further analysis of the tap water experimental data showed both
the blank and measurement taken at t=0 resulted in a measurement of 2mg/l dissolved
ozone. This concentration is inconceivable due to both the lack of dissolved ozone in tap
water and inability of ozone to instantaneously dissolve into water. Therefore it is
concluded that these measurements were taken in error, and the graph was adjusted
accordingly by shifting the measured dissolved ozone concentration down by 2mg/l to
account for this error. Practically this discrepancy between the measured ozone
concentration and that of the equilibrium is impossible, as it indicates that there is a
constant ozone demand in the tap water sample. Despite this difference between the
equilibrium concentration and the measured dissolved ozone concentration in tap water, it
is impossible that a constant ozone demand persisted in the sample for 45 minutes after
the initial ozone uptake. It is more likely that instead error occurred in the measurement.
The expected behavior of the tap water dissolved ozone concentration over time is a
immediate increase in concentration as the ozone gas begins to dissolve into the water,
then increase gradually as it is consumed and begins to trend towards equilibrium. As
seen in other experiments throughout this research, dissolved ozone’s equilibrium within
a water matrix is typically seen as a plateauing of the concentration over time. This
indicates that the water matrix no longer has an ozone demand and any ozone reactive
compounds or matter has been consumed. If a significant ozone demand exists in a water
sample, such as that seen with the secondary wastewater matrix, the dissolved ozone
concentration would gradually rise as the ozone demand is met and reactive particles and
matter are consumed. In this situation the concentration would continue this gradual
increasing trend until the ozone demand was satisfied and equilibrium is met, resulting in
a plateauing of the concentration of dissolved ozone. The tap water sample exhibited this
trend, with the major difference that the ozone demand seems to have been met and the
dissolved ozone concentration did not rise to the 6mg/l equilibrium described by the
demineralized trial.
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Several possible factors could have lead to the presence of the discrepancy between
the dissolved ozone concentration in tap water and the equilibrium derived from the
demineralized water trials. The most likely factor is that error occurred in measurement
of the dissolved ozone concentration with the indigo blue method. Possible off gassing of
dissolved ozone can occur when a sample is taken for measurement, reducing the
dissolved ozone concentration. Additionally, the HWL measured results yielded a 2mg/l
concentration in the blank sample. It is not expected that any ozone be present in the nonozonated blank, and it is feasible that the 2mg/l discrepancy is due to human error in use
of the indigo blue method. The possibility of error also exists in measuring the
absorbance of the ozonated indigo blue sample with the spectrophotometer, resulting in
the 2mg/l concentration seen in both the blank and t=0 sample.
However, although error in the use of the indigo blue method likely occurred during
this tap water trial, it is not indicative of a structural issue with the procedure, method or
other data generated in this research. Experiments performed with the other three water
matrices yielded sensible results that align with the expected behavior of ozone with
varied water matrices, as seen in previous studies and research. Similar error in
measurement did not occur with prior preliminary tap water trials conducted with the
indigo blue method and the bench scale equipment, resulting in the conclusion this error
was purely incidental.
Despite the issue with tap water reaching equilibrium, the results aligned with the
expected outcome of the interaction of ozone with a water matrix such as tap water. Due
to the level of treatment and presence of ozone reactive material in the tap water sample a
minimal ozone demand and small ozone uptake was anticipated. This was confirmed with
an ozone uptake greater than that of demineralized water, and ozone demand present in
the tap water matrix.

Appendix III: Methods and Materials
Several tests were performed on the Wervershoof ozone pilot to determine the
pilot characteristics and conditions. In Figure 35, the results of a residence time
experiment are shown, where conductivity measurements were taken in the effluent to
determine the time water takes to go through the pilot.
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Figure 35: Conductivity vs time, Wervershoof WWTP

Indigo Blue Method and the IX Experiments
In all three dissolved ozone concentration versus time curves for the IX treated
matrix (Figures 17, 18 and 19), negative dissolved ozone concentrations were recorded at
the beginning and end of the trials. At the start and end of every trial, the dissolved ozone
concentrations are at their lowest as the ozone gas is either just beginning to dissolve into
the water phase (start of the trial) or it is decreasing as the ozone residual degrades (end
of the trial). These low ozone concentrations presented an issue for measuring the
dissolved ozone concentration with the indigo blue method. This method relies in part on
the weight of the final collected sample with the indigo reagent and the measured
absorbance of the sample with a UV spectrophotometer at 600nm. When carrying out this
method it requires the addition of the ozonated water sample to a 5ml volume of indigo
blue reagent, where the sample is added until enough of the dissolved ozone reacts with
the indigo, resulting in a degradation of the indigo and a pale blue colored water. With
samples that had a low dissolved ozone concentration, such as those at the beginning and
end of the experiments, a greater volume of sample was added to get a similar pale blue
color. However, the ozone concentration was not always great enough to result in a great
deal of degradation of the indigo blue reagent. This process resulted in a large volume of
added sample volume and weight in proportion to the initial weight and a high
absorbance measured in the UV spectrophotometer. A combination of these two factors
led to the calculation of a negative dissolved ozone concentration at the beginning and
end of the experiments. In later trials the amount of sample added to the indigo reagent
was standardized at 5ml, resulting in non-negative dissolved ozone concentrations.
Comparison of the use of the indigo blue method in this research to other experiments in
literature shows that the error associated with the indigo blue method increases with low
ozone concentrations (Bader, 1980). Ultimately, the negative dissolved ozone
concentrations were kept in the reported graphs to show the overall trend of the
decreasing concentration towards 0mg/l over time.
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The ozone uptake for this water matrix is evident through analysis of the ozone
gas concentration curves, however a complete picture of the ozone demand is harder to
come by with the current dataset. Compared to the demineralized and tap water trials, the
ozone demand is not met in a short time span. Extending trials for a longer period of time
is likely to be necessary in order to observe the ozone gas concentration return to the
initial concentration seen at the start of the experiment. Experiments conducted in this
research with the IX matrix ranged from 70 – 160 minutes in length, with the majority
lasting for a duration of 70 minutes. It was observed that after 60-70 minutes the ozone
gas concentration was rising at increasingly small intervals towards the initial
concentration. The sole experiment that elapsed for 160 minutes resulted in a final ozone
gas concentration closer to that of the initial concentration. The vast majority of the
ozone uptake and demand was observed to occur in the initial 15-25 minutes of the IX
trials. During this period the greatest difference between the measured and initial ozone
concentration was observed, with the difference in initial and measured concentration
decreasing over time. While the ozone demand decreases as the experiment progressed
and is minimal in comparison to that at the beginning of the experiment, it remains an
important part of the total demand of the IX matrix. Due to the lack of data showing the
ozone demand over an extended period of time it remains difficult to elaborate on the
ozone demand of the IX treated water matrix.

Appendix IV: Wervershoof WWTP
Comparison of Wervershoof WWTP to Similar Dutch WWTPs
Wastewater characteristics such as COD, BOD, and several nitrogen parameters
measured during the sampling effort of the Wervershoof effluent can be used to
characterize the effluent conditions of the plant through comparison to other WWTPs.
Data collected from seven wastewater treatment plants located within The Netherlands,
seen in Table 48, can be used for such a comparison with the measurements yielded from
the Wervershoof effluent sampling (Table 12).
The COD concentrations observed in the Wervershoof effluent, with a range of
33 – 40mg/l and average of 36.5mg/l (Table 12), shows a strong degree of similarity to
the other wastewater treatment plants in The Netherlands. Data collected from additional
Dutch WWTPs, yielded effluent COD concentrations in the range of 26 – 67mg/l, with an
average of 44mg/l (Roeleveld, 2002). A similar comparison can be made with BOD5
concentrations, where the 6 month range for the Wervershoof plant was found to be 35mg/l, with an average of 3.6mg/l. These effluent BOD5 concentrations are slightly
higher on average than those found in seven WWTPs sampled around the Netherlands,
which exhibited concentrations in the range of 1 – 3mg/l on average. For the nitrogen
parameters, including NH4-N, NOX-N and total nitrogen the Wervershoof effluent data
differed slightly from that of the culminated average of each of the seven plants. The
Wervershoof effluent exhibited a higher than average NH4-N concentration of 4.4mg/l
compared to 1.2mg/l, a lower NOX-N concentration of 2.1mg/l compared to 3.5mg/l, and
higher total nitrogen concentration of 8.4mg/l compared to 5.7mg/l (Lopez – Vazquez et
al., 2008).
Data from analysis of the Wervershoof WWTP effluent (Table 33) does not show
a significant deviation from the normal effluent characteristics of the typical Dutch
WWTP effluent, as seen with the comparison between seven treatment plants located
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around The Netherlands (Table 48). While certain parameters measured over the 6-month
sampling period at the Wervershoof plant are marginally different than those at the other
Dutch plants, the difference is not great enough to deem the Wervershoof plant a true
outlier from the norm. The supplemental data referenced for the other Dutch WWTPs
shows in some cases a moderate degree of uncertainty with the expressed standard
deviation. This standard deviation places the average values for wastewater
characteristics at the Wervershoof plant, such as total nitrogen, within a reasonable range
of the other plants. It can then be determined, based off of this comparison of wastewater
effluent characteristics, which the Wervershoof plant effluent is typical of the region, and
does not show any significant deviation from normal effluent characteristics.
Treatment Plant
BOD
(mg/l)
2
3
1
2

COD
(mg/l)
40 +/- 7
36 +/- 6
48 +/- 18
67 +/- 13
41 +/- 11
49 +/- 20

NH4-N
(mg/l)
0.1 +/- 0.1
1.5 +/- 0.1
1.7 +/- 2.9
1 +/- 1
0.6 +/- 0.4
0.5 +/- 0.2

Analyte
NOX-N
P Total
(mg/l)
(mg/l)
3.0 +/- 1.3 0.6 +/- 0.2
5.0 +/- 1.5 0.9 +/- 0.1
1.9 +/- 1.4 0.4 +/- 0.2
3.6 +/- 3.6 0.5 +/- 0.1
2.9 +/- 1.1 0.3 +/- 0.1
5.1 +/- 2.7 0.6 +/- 0.5

N Total
(mg/l)
5.2 +/- 1.5
6.6 +/- 1.3
5.9 +/- 4.9
5.4 +/- 1.1
4.7 +/- 1.5
7.1 +/- 2.8

PO4 3(mg/l)
0.4 +/- 0.1
0.7 +/- 0.1
0.3 +/- 0.3
0.2 +/- 0.2
0
0.4 +/- 0.3

Hardenberg
Deventer
Katwoude
Hoek van Holland
Venlo
Waarde
Haarlem
Waarderpolder
3
26 +/- 5 3.0 +/- 1.5 3.0 +/- 1.1 0.36 +/- 0.1 4.8 +/- 0.9 0.1 +/- 0.1
Average of 7
Dutch WWTPs
2.2
43.9
1.2
3.5
0.5
5.7
0.3
Table 48: Wastewater effluent data for various Dutch WWTPs, (Lopez – Vazquez, 2008)
Comparison of Wervershoof Bromide Concentrations to Other European Countries
The concentration of bromide in natural waters, and treated wastewater effluent,
is highly variable depending on location and other factors. Analysis of wastewater
treatment plants in North America and Europe has yielded a wide range of bromide
concentrations from 10 – 1000 µg/l (Table 49). The presence of bromide is influenced by
many factors, both natural and anthropogenic including; salt water intrusion, coal mining
and chemical production (Von Gunten, 2003). Bromide levels less than 20 µg/l are
typically not of concern if ozone treatment is used, however concentrations in the range
of 50 - 100 µg/l have shown to result in significant byproduct formation (Von Gunten,
2003). The surveyed ozone treatment plants, shown in Table 49, generally did not exhibit
concerning bromide concentrations, with only 6% of plants showing bromide
concentrations greater than 10 µg/l (Von Gunten, 2003).
Country
USA
Switzerland
Germany

Number of
Plants

Bromide range
(ug/l)
24 2 - 180
86 <5 - 50
4 30 - 150

Bromate range
(ug/l)
0.1 - 40
<0.5 - 20
<1 - 12
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France
France

32 <20 - 200
10 12 - 658

<2 - 19.6
<2 - 19

Table 49: Bromide and Bromate concentrations in full scale ozonation treatment plants (Von
Gunten, 2003)

The concentration of bromide measured in the secondary wastewater effluent used
in this research was 350 µg/l. This bromide concentration is substantially higher than the
range of 50 - 100 µg/l where DBP formation is a concern, and therefore problematic. In
comparison to neighboring countries, such as Germany (30 – 150 µg/l) and France (20 200 µg/l). The concentration measured at the Wervershoof WWTP is significantly higher
than concentrations found in the majority of German and French plants, with the
exception of one or two plants in France.
Comparison of Wervershoof Effluent OMP Content to other WWTPs
Data exhibiting the occurrence of many of the OMPs detected in the Wervershoof
effluent, compared to those found in effluents of other wastewater treatment plants from
recent studies are summarized in Figure 36. Several of the OMPs found in the
Wervershoof effluent are typical of other treatment plants and regions due to the
widespread use and consumption of common pharmaceuticals, medications, personal care
products and pesticides. The majority of these organic pollutants are common consumer
products used in Western countries both in the North America and Europe. One example
of such a contaminant found nearly ubiquitously in all wastewater effluents is caffeine,
because of the widely practiced consumption of coffee and other caffeinated drinks in
countries across the world.
While many of the OMPs found present in the Wervershoof plant effluent can be
found in those of other countries and regions, the concentrations are highly variable. This
can be attributed to different consumption rates, metabolisms, volumes of WWTP flow,
environmental persistence, ability of treatment processes to remove and degrade OMPs,
and rate of production (Luo, 2014). These factors may be linked to a country or region’s
demographics, access to health care, or economy among others. A combination of these
elements may be the reason for the stark difference in concentration of the OMPs
measured in the Wervershoof wastewater plant effluent from others in countries across
the globe (Figure 36).
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Figure 36: Concentrations of various OMPs in wastewater treatment plant effluents, data collected from available publications
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